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 The goal of current solid oxide fuel cell (SOFC) research is to design electrode 
materials and other system components that permit the fuel cell to be operated in the 400-
700ºC range instead of the conventional 800-1000ºC. Cell performance in this lower 
temperature range is limited by the oxygen reduction process at the SOFC cathode. Also, 
the long time performance of the cell is affected by multiple contamination processes, 
from Cr poisoning of the cathode from the stainless steel interconnect between individual 
cells in a fuel cell stack to the deposition of carbon on the anode when hydrocarbon fuels 
are used instead of hydrogen. Impedance spectroscopy, the in situ performance 
measurement technique of choice among fuel cell scientists, can provide a significant 
amount of electrochemical information about an operating cell; however, it is limited in 
the amount of specific chemical information it can give. The work presented here 
demonstrates that Raman spectroscopy, a form of vibrational spectroscopy, can provide 
structural and compositional information complementary to that from impedance 
spectroscopy and from various other ex situ characterization methods. 
 An in situ Raman characterization system was assembled that included a 
temperature- and atmosphere-controlled sample chamber that allowed for Raman 
measurements from an SOFC sample under a variety of conditions. Most SOFC 
components and possible contaminants were shown to be Raman-active with 
distinguishable Raman signals. Initial experiments into the oxygen reduction mechanism 
on SOFC cathodes were unable to detect surface oxygen species on selected perovksite-
based SOFC cathode materials.  
 xv
It may still be possible to increase Raman signal from surface species on these 
materials through surface-enhanced Raman scattering (SERS). To create a SERS effect, 
metal nanoparticles (usually silver or gold) were deposited onto cathode materials using 
either 20 nm metal colloids or combustion chemical vapor deposition (CCVD). Both 
methods were able to enhance the measured Raman signal from the material lattice by at 
least one order of magnitude. Heat treatment of the silver colloid nanoparticles caused the 
emergence of up to 21 previously unobserved peaks to appear in the Raman spectrum of 
an SSC surface. Peak assignments for these new peaks have not yet been completed. 
 Raman spectroscopy was able to monitor in situ the deposition of carbon on 
nickel and copper anodes. The deposited carbon was found to be amorphous, and nickel 
was more susceptible to carbon formation than copper. 
The Cr poisoning of an LSM cathode was studied by exposing LSM to Cr-
containing vapor. The vapor was generated by flowing humidified oxygen over the 
surface of a pellet of Cr2O3 powder. With 24 hrs exposure to the Cr vapor, the LSM 
surface had converted to SrCrO4. When silver is present in the cathode, as a current 
collector or as catalytically-active surface, it reacts quickly with chromium to form silver 
chromate, Ag2CrO4.  Silver chromate melts at 658ºC, and by 625ºC, it will volatilize and 
deposit preferentially on an LSM cathode surface. Since Ag2CrO4 contaminates both the 
LSM and silver surface, silver should only be used within an SOFC cathode if the 
leaching of Cr out of the metallic interconnect layer can be prevented. 
Overall, Raman spectroscopy was shown to be useful in many areas crucial to the 
development of practical, cost-effective SOFCs. 
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CHAPTER 1:  MOTIVATION 
 
1.1 Fuel Cells and Future Energy Needs 
 While disagreement exists about the longevity of the world’s supply of fossil 
fuels, the fact that there is a finite source cannot be refuted. Coupling this ultimate 
limitation with the ever-increasing demand for energy as the developing world strives to 
energy-intensive standard of living present in countries such as the United States, it is 
prudent – if not essential – to seek alternatives to fossil fuels whenever possible for a 
given application or at least to use fossil fuels as efficiently as possible. Figure 1.1 shows 
that two of the largest uses of energy in the United States are transportation and power 
generation.1 Transportation relies almost exclusively on petroleum (and some natural 
gas), and almost 70% of U.S. power is generated from coal or natural gas. Advances in 
solar, geothermal, wind, and biomass technologies and/or a stronger commitment to 
nuclear power may meet the world’s energy needs in the far future; however, most 
nations will remain heavily dependent upon fossil fuels for decades to come. As such, the 
onus on today’s scientists and engineer is to develop and implement technologies that use 
fossil fuels as efficiently as possible. For current combustion-based transportation and 
power systems, the chemical energy in the fuel (coal, natural gas, gasoline, diesel, etc.) is 
transformed to thermal energy, which is then converted into mechanical energy or into 
mechanical energy and then into electrical energy for power. At each point in the process, 
there is a loss in efficiency. The goal is to remove as many conversions as possible and to 

























Electricity - Net Generation by Source (2006)
 
Figure 1.1. (a) Energy use by sector in the United States and (b) sources of electrical power in the United 
States for 2006. Statistics provided by DOE Annual Energy Review.1 
 Fuel cells have a distinct advantage over combustion-based systems in that fuel 
cells convert chemical energy directly into electricity. In their ability to generate 
electricity more efficiently than current combustion methods and to generate electricity 
using alternative fuel sources (hydrogen, methane, ethanol, etc.), fuel cells have been 
demonstrated to be part of the solution to reducing society’s dependence on oil. 
 
1.2. Background – Solid oxide fuel cells 
Historically, many different fuel cell systems have been proposed, but current 
research mainly focuses on two:  the polymer electrolyte membrane (PEM) fuel cell and 
the solid oxide fuel cell (SOFC).2 The PEM fuel cell, which currently operates below 
100ºC due to material constraints, is the main candidate for use in fuel cell vehicles, 
while the more efficient SOFC, which currently operates between 800º-1000ºC, is 
considered the best fuel cell system for mass stationary power generation.3 As power 
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generation consumes more energy overall in the United States than transportation, the 
research presented in this volume is directed towards concerns with SOFC systems. 
 
(a)







½ O2 + 2e- →O2-
+




Figure 1.2. Schematic, typical materials, and electrode reactions for a solid oxide fuel cell. 
  Figure 1.2 shows a schematic of a typical SOFC.  At the cathode, oxygen is 
reduced to the oxygen anion and incorporated into the lattice of the electrolyte. The 
oxygen ion is then conducted through the electrolyte (by necessity, an oxygen ion 
conductor) to the anode, where the oxygen ion combines with hydrogen to produce water 
and two electrons.  If carbon-containing fuels such as methane or ethanol are used instead 
of hydrogen, the anode exhaust becomes a mixture of water and carbon dioxide. Not 
shown in the figure is the interconnect layer, an electronically-conductive material which 
rests between the cathode and anode when multiple individual fuel cells are stacked in 
series. The interconnect serves a two-fold purpose:  (1) as a barrier between the cathode 
and anode of adjacent cells to avoid shorting out the fuel cell stack, and (2) as a current 
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collector, transporting electrons between successive cathodes and anodes and eventually 
to the external circuit. 
 The standard SOFC system, developed over twenty years ago, consists of a 
perovskite La1-xSrxMnO3 (LSM) cathode, a yttria-stabilized zirconia (YSZ) electrolyte, 
and a cermet anode comprised of a mixture of nickel and YSZ.4 LSM is an excellent 
electronic conductor and YSZ a strong oxygen ion conductor in the 800º-1000ºC 
operating regime. The biggest obstacle in the commercialization of this system is cost.  
Not the cost of electrode and electrolyte materials per se, but rather for the interconnect 
materials and other balance-of-plant components, which must be exotic ceramics due to 
the thermal expansion requirements for operating the system at such high temperatures.5 
 
1.3. Current materials issues facing SOFCs  
 Less expensive components, such as stainless steel interconnect layers, can be 
used if the SOFC could be operated in the 400º-700ºC temperature range. Unfortunately, 
lowering the operating temperature also lowers the cell performance, as the conductivity 
and catalytic activity of the electrodes and electrolyte decrease. Conductivity losses in the 
electrolyte have been overcome by choosing different electrolyte materials and by 
making the electrolyte layer thinner.6 With an electrolyte better suited for lower operating 
temperatures, the limiting factor in the cell performance becomes the interfacial 
polarization resistance between the cathode and the electrolyte.7 Phenomenologically, 
cathodic interfacial polarization involves the reduction of an oxygen molecule to the 
oxygen anion (O2-) and its incorporation into the electrolyte (an oxygen ion conductor).  
Piecewise, the mechanism requires, in some order, the following processes:  adsorption, 
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reduction, dissociation, and incorporation.8 Since the cathode interfacial resistance limits 
fuel cell performance in the desired temperature range, understanding the exact oxygen 
reduction mechanism at the cathode – which oxygen species are present and which step 
in the mechanism is rate-limiting – is one of the keys to designing the optimal cathode for 
a low temperature SOFC. The initial driving force behind the work presented here was 
the desire to better understand the oxygen reduction mechanism on SOFC cathodes in 
order to design better cathode materials and microstructures. 
 Besides having a lower performance in the lower temperature regime, the cathode 
suffers some performance degradation when used in fuel cell stacks with stainless steel 
interconnect layers. Studies have found that the chromium in stainless steel leaches out 
and deposits throughout the cathode as Cr2O3 or other Cr-containing compounds 
(depending on the cathode material).9 These contaminants cover the cathode surface, 
blocking conduction and reducing the amount of active catalytic surface available for 
oxygen reduction. Debate exists over which particular phases form, where they form, and 
whether their formation is chemically- or electrochemically-driven.10, 11 Identifying the 
exact species involved and the driving forces behind their evolution aids in the material 
design and selection for the cathode and interconnect layer. 
Cathode performance is the largest concern for low temperature SOFCs as long as 
hydrogen is used for the fuel; however, if carbon-containing fuels such as methane or 
propane are supplied to the anode, then the performance of the cell can become limited 
by the anode.  First, as the carbon content of the fuel increases, the amount of carbon 
deposited on the anode increases, as not all of the carbon oxidizes to CO2.  The deposited 
carbon can quickly deactivate the typical nickel anode.12 Second, when using natural gas 
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or coal gas as a fuel source, the anode may become poisoned over time by the presence of 
H2S contaminants and lose catalytic activity.13 Both carbon deposition and sulfur 
poisoning can be controlled or eliminated by treating the fuel supply.  Humidifying the 
fuel streams reverses carbon deposition, but it can lower fuel utilization while requiring 
the addition of a water management system to the fuel cell stack. Desulfurizing the fuel 
will stop sulfur poisoning by removing the sulfur pollutant, but adding pretreatment steps 
to the fuel line further increases system costs. The cheaper alternative is to develop anode 
materials that can tolerate small amounts of H2S in the fuel stream and are less prone to 
carbon deposition. To add in the evaluation of new anode materials and microstructures, 
fuel cell engineers seek a quick and reliable method to monitor sulfur and carbon 
contamination. 
 
1.4. Conventional SOFC characterization methods and their drawbacks 
 All of the problems listed in the previous section involve chemical (and electro-
chemical) reactions that occur during normal fuel cell operation. To evaluate the species 
involved in any of the reactions and to gauge the extent of the reaction, scientists rely 
upon a mixture of in situ and ex situ characterization methods, none of which can provide 
all of the desired information and all of which have significant limitations. 
 The most common in situ characterization method is impedance spectroscopy.14 
Impedance measurements are used mainly as a quantitative measure of the 
electrochemical performance of a fuel cell. As a fuel cell is meant to be a practical 
device, the current-voltage relation and/or power output of a cell is a clear objective 
measure of its performance. In terms of scientific data, impedance spectroscopy is also a 
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valuable tool, as multiple processes within a cell (surface reactions, interfacial effects, 
grain boundary conduction) can theoretically be separated out by measuring the 
frequency dependence of the impedance and fitting the impedance data using an 
equivalent circuit approximation.15 For example, Figure 1.3 shows a theoretical curve 
impedance curve for a circuit composed of a two RC units (a resistor and capacitor 
placed in parallel) placed in series. The time constants (the product of the resistance and 
capacitance in each RC unit) of the two RC units are such that the impedance curve 
reveals two distinct semi-circles, or “loops”. Ideally, a given sample would have 
processes occurring over distinct frequency ranges so that each process could be easily 
















10 pF 10 μF
270 kΩ120 kΩ
 
Figure 1.3. Theoretical impedance curve for the ideal circuit shown. The particular resistance and 
capacitance values were chosen so as to generate an impedance curve with two distinct semicircles.  
 Real fuel cell samples rarely give such ideal data. Figure 4 shows more typical 
impedance curves. These curves, measured by Koyama et al., were taken from a 
platinum/SDC (samarium-doped ceria)/SSC (Sm0.5Sr0.5CoO3) cell in air (P02=0.2) at two 
different pressures (1 atm and 0.1 atm).16 These measurements were taken to evaluate the 
reaction mechanism on the SSC cathode.  The open circles and squares are the actual data 
points, and the solid lines are the theoretical loops generated through equivalent circuit 
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analysis to match the data. Ostensibly, the pressure-dependence of the diameters of the 
different loops reveals the dependence of the cathode performance on the gas phase 
diffusion of oxygen. The measured data is not comprised of easily separated loops. The 
authors assumed each curve contained three loops, and the pressure dependence of each 
of the three loops was analyzed. One could have just as well used two or four (or more) 
loops to fit the measured data, as long as one could phenomenologically rationalized the 
need for each loop. Further, after deciding on the number of loops, there will exist a 
significant error from deconvoluting the one broad impedance curve into multiple loops. 
Unless one is absolutely sure of what processes are occurring with a sample, interpreting 
impedance data and assigning specific processes to specific portions of an impedance 
curve can be a difficult procedure. 
 Also, since impedance spectroscopy is an electrochemical technique, specific 
reactions that are purely chemically-driven are lost within the data, attached to the nearest 
electrochemical step within the overall reaction mechanism. This is a major limitation 
when trying to solve a reaction mechanism, or at least determine a rate-limiting step 
within the mechanism. Chemical reactions can sometimes be monitored using impedance 
methods by varying the operating conditions (e.g., changing the O2 partial pressure at the 
cathode); however, when other steps in the mechanism also show some variance with the 
same change in conditions, one is left again with trying to deconvolute complex data 
from non-ideal data. Thus, while impedance spectroscopy is an excellent in situ technique 
for measuring cell performance, it does not lend itself readily to exacting reaction 




Figure 1.4. Impedance measurements from a Pt/SDC/SSC cell at different pressures. The solid lines show 
the theoretical loops calculated to model the impedance data. Plot reproduced from Koyama et al.16 
 For SOFCs, typically chemical analysis is performed ex situ through conventional 
techniques such as SEM/TEM, EDS, XPS, SIMS, and XRD. These techniques are able, 
to some extent, identify the chemical composition or structure of the different 
components of an SOFC (cathode, electrolyte, anode) and any contaminants found on the 
surfaces of these components. Some techniques, such as EDS, are only roughly 
quantitative (making it hard to positively identify specific stoichiometries) and have 
difficulty distinguishing some elements that are similar in atomic mass or radius.  Other 
techniques, such as XRD, cannot easily detect trace amounts (such as monolayers) of a 
species, especially if it is noncrystalline. A variety of techniques usually must be 
combined to generate a more comprehensive picture.  
 A major disadvantage common to all ex situ techniques lies in the fact that they 
are ex situ, meaning the data obtained is not necessarily indicative of what occurs while 
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the cell is operating. To perform an ex situ measurement, the sample must be cooled 
down to at least room temperature and must often be placed in a high vacuum (e.g., for 
XPS). Any measurements are thus subject to artifacts of the cooling (and, if necessary, 
evacuation) process. Species present operando may undergo secondary reactions, 
decompositions, or phase changes at lower temperatures. For example, ex situ analysis 
done on the sulfur poisoning of SOFC anodes by Cheng et al. has revealed the presence 
of nickel sulfide Ni3S2 on nickel anodes exposed to H2S-containing fuel.17 However, 
under normal fuel cell operating temperatures, Ni3S2 would be a liquid, so the 
contaminating sulfur phase that lowers the cell performance is probably different. 
 A characterization method that can give chemical and structural data and can be 
used for ex situ and in situ analysis is desired. There are techniques available for in situ 
chemical analysis:  EXAFS, small-angle x-ray scattering, mass spectrometry (for gas 
phases), FTIR spectroscopy, and Raman spectroscopy.18 From these methods, this author 
believes that Raman spectroscopy, due to its (relative) ease of measurement and 
versatility, is the most promising technique for generating data that will complement data 
gained by conventional methods already used within the fuel cell community. 
1.5. Research objectives and impact of research 
 The work presented here involves using Raman spectroscopy to analyze reactions 
occurring on SOFC electrodes. The objectives of this research are the following: 
(1) To develop an experimental setup that would allow for in situ Raman 
spectroscopic measurements from the surfaces of SOFC electrodes; 
(2) To demonstrate that Raman spectroscopy can generate specific spectroscopic 
data that can complement electrochemical performance data and confirm 
chemical analysis data obtained through other characterization methods; 
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(3) To use Raman spectroscopy to observe species involved in the oxygen 
reduction mechanism at the SOFC, so as to determine the rate-limiting step; 
(4) To monitor the rate and location of carbon on SOFC anodes running on 
hydrocarbon fuels; 
(5) To identify the identity and location of Cr-containing contaminants that form 
within an SOFC cathode used in conjunction with a stainless steel 
interconnect layer.∗ 
 Meeting the above objectives helps determine the individual importance of 
material selection, operating condition, and electrode microstructure in overcoming 
drawbacks associated with operating an SOFC in the 400º-700ºC temperature range.  
Further, the results introduce Raman spectroscopy as a viable and valuable 
characterization technique in the area of SOFCs, providing in situ data that has not 
heretofore been obtainable using standard impedance methods. The techniques presented 
in the following chapters can also be adapted for other high temperature catalysis 
applications. 
  
                                                 
∗ While sulfur poisoning was mentioned earlier as a serious concern for the anode, this volume contains no 
research on that particular. For a thorough analysis of this topic and of the applicability of Raman 
spectroscopy towards its study, please consult the thesis of my research colleague Zhe Cheng.19. Cheng, 
Z. Investigation into the Interactions between Sulfur and Anodes for Solid Oxide Fuel Cells. Ph.D., 
Georgia Institute of Technology, Atlanta, GA, 2008. 
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CHAPTER 2:  RAMAN SPECTROSCOPY 
 
 Raman spectroscopy, like infrared spectroscopy (IR), is a form of vibrational 
spectroscopy, in that the bulk of the information obtained from a Raman spectrum is 
related to vibrational modes of a molecule or the lattice phonon modes of a crystal. There 
are many excellent textbooks, both science- and application-driven, that cover the history 
and various applications of Raman spectroscopy.20-24 In this chapter, an introduction to 
the Raman scattering will be presented, along with a discussion of the applicability of 
Raman spectroscopy to SOFCs. 
2.1. Raman scattering 
 Raman spectroscopy is a measurement of inelastically-scattered light. Figure 2.1 
presents a simple schematic of the Raman scattering process. When light of wavelength λ 
strikes the surface of a sample, most of the light that is scattered is scattered elastically 
(i.e., at wavelength λ). This elastic scattering is called Rayleigh scattering. A small 
percentage of the light, typically less than 0.01%, is inelastically scattered at some 
wavelength λ+Δλ (or λ-Δλ). The small change in energy of the inelastically, or Raman, 
scattered light is called the Raman shift. This change in energy corresponds to the energy 









Figure 2.1. The Raman scattering process showing light inelastically scattered by the sample surface with a 
Stokes shift (-Δλ) and an anti-Stokes shift (+Δλ). 
To generate a Raman spectrum, a sample is illuminated by a monochromatic light 
source (usually a laser) and the scattered light is collected, separated by energy, and read 
by a detector (usually a CCD). A Raman spectrum is thus a plot of the intensity of the 
light signal striking the detector as a function of Raman shift. By convention, the unit of 
Raman shift is the change in wavenumber from the incident light (Δcm-1); however, most 
publications simply use wavenumber (cm-1), with the (Δ) being implied. 
The distinction between the mechanism for Raman spectroscopy and that for IR 
spectroscopy should be noted. For IR spectroscopy, the incident light is of the exact 
energy necessary, in the IR region, to excite vibration modes, and the IR detector is 
reading the same wavelength as the incident wavelength. For Raman spectroscopy, the 
incident light can be from the IR, visible, or UV region, and the detector is reading a 
signal near the wavelength of the incident light. 
Since Raman relies upon a different mechanism to gather information about 
vibration modes, the selection rules for which vibration modes can be detected are 
different for Raman spectroscopy than for those associated with IR spectroscopy. A short 
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derivation is necessary to develop the selection rule. For an electric field E interacting 
with a molecule with polarizability α, the field will induce a dipole μind in the molecule 
μind = αE         (2.1) 
The field associated with a light of frequency υ is given by Eocos2πυt. Substituting this 
expression for E into (2.1) gives 
μind=αEocos2πυt                (2.2) 
If the polarizability varies with position, then one can express α as αo + (Δα)cos2πυot. 
Thus (2.2) can be rewritten as  
μind=(αo + (Δα)cos2πυot )Eocos2πυt            (2.3) 
Using trigonometric identities, this expression expands into 
                     μind=αo Eocos2πυt + ½(Δα)Eo[cos2π(υ−υot ) + cos2π(υ+υo)t]      (2.4) 
 The first term in (2.4) represent Rayleigh scattering, while the second and third 
terms represent Stokes and anti-Stokes Raman shifts, respectively. The selection rule for 
Raman scattering is thus that the polarizability tensor α must change with position during 
a vibration, or stated mathematically 
0≠
dx
dα                  (2.5) 
For IR spectroscopy, the selection rule is that the induced dipole must be nonzero 
during a vibration. For Raman spectroscopy, the change in the material property 
responsible for that dipole must be nonzero during a vibration. Raman scattering can be 
viewed as the slight deconvolution of a light signal into frequencies υo, υ−υo, and υ+υo. 
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2.2. Determination of Raman-active modes 
As the selection rules for the two methods are different, vibration modes that are 
observable using one method are not necessarily observable using the other. In fact, the 
two techniques are usually complementary, in that vibration modes that are IR-active are 
usually not Raman-active, and vice versa. A rule of thumb (i.e., true for simple 
geometries) is that vibration modes that are noncentrosymmetric are IR-active. If the 
charge distribution around the center of a vibration is not symmetric, then a 
noncentrosymmetric vibration will further distort the charge distribution, creating a 
change in dipole moment in the molecule. The rule of thumb for a Raman-active mode is 
that the vibration mode should be centrosymmetric. If the polarizability tensor is 
centrosymmetric around the center of the vibration mode, then a centrosymmetric 
vibration will thus elongate the tensor along the various axes, changing α during the 
vibration.  
These general rules do not necessarily hold as the molecules (or unit cells) 
become larger and as the symmetry becomes lower (from cubic down to monoclinic). 
Some vibrations can be both IR- and Raman-active, while some vibrations are neither. 
While these exceptions may sound complicated, one need not fret, as group theory can be 
used to theoretically predict the number of possible vibration modes for a species and the 
activity of each of the modes. Simple group theory can be directly applied to molecules to 
quickly identify the number of vibration modes and which modes are Raman- or IR-
active.25 For solid materials, more complicated methods such as factor group analysis, 
molecular site group analysis, or nuclear site group analysis exist to predict the number 
and activity of normal phonon modes.26, 27  
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As an example, Figure 2.2 shows the three vibration modes for the linear 
molecule CO2. Of the three modes, (a) and (b) are noncentrosymmetric and thus IR-
active. Vibration mode (c), which is centrosymmetric, is Raman active. 
 
(a)    (b)  
(c)  
Figure 2.2. Three vibration modes of the CO2 molecule. Blue atoms are carbon; purple atoms are oxygen. 
 For an example of a crystalline material, consider CeO2, which has the fluorite 
structure (space group 225 – Fm 3  m, or O5h). Having one molecule per Bravais lattice, 
and thus three ions (1 Ce+4, 2 O2-), CeO2 is predicted to have 6 lattice phonon modes 
(calculated by multiplying the number of atoms per Bravais lattice by three and 
subtracting three). The cerium cation occupies Wyckoff position (a), with site symmetry 
Oh, while the oxygen anions occupy Wyckoff position (b), with site symmetry Td.28 
Factor group analysis thus predicts two triply degenerate phonon modes, F1u and F2g, 
giving six total phonon modes.27 Searching standard character tables for space groups 
with Oh symmetry reveals that the F1u mode is IR-active and the F2g mode is Raman-
active.26 One would thus expect to see only one strong (first order) Raman peak in the 
Raman spectrum of pure CeO2. The Raman spectrum of CeO2 shown in Figure 2.3 
confirms this prediction, with the 462 cm-1 peak assigned to the F2g mode. 
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Figure 2.3. Raman spectrum of CeO2, collected in air at room temperature using a 514 nm laser source. 
It must be pointed out that group theory allows only for the determination of the 
theoretical number and activity of vibrational modes. In reality, the number of detected 
modes may differ significantly from the number predicted. There are many factors that 
ultimately impact the number of discernible peaks in a given spectrum, including 
temperature, nonstoichiometry, orientation, Raman scattering cross-section, and 
instrument resolution. 
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2.3. Raman spectroscopy and SOFCs 
 Before beginning an in-depth Raman study of a given system, it is necessary to 
ask if Raman spectroscopy can be used to analyze the desired species within the system. 
Although Raman spectroscopy has not been widely used to analyze SOFC components, it 
is not because those components are not Raman-active. In fact, a few quick 
measurements reveal the wide range of SOFC issues that lend themselves to Raman 
analysis. Figure 2.4 contains Raman spectra from two common fluorite-based SOFC 
electrolyte materials, YSZ and GDC.  Both are strongly Raman-active, and similar to the 
fluorite CeO2, both exhibit one main first order peak.  The main peak for GDC, which is 
CeO2 doped with 10 mol% Gd2O3, is close in position to that of CeO2; however, the peak 
is broader and it contains a shoulder at 483 cm-1, due to the presence of the gadolinium in 
the structures and the corresponding oxygen vacancies formed. The YSZ peak is blue-
shifted (at a higher wavenumber) since zirconium is lighter than cerium. Besides peak 
broadening, Pomfret et al., have shown that the overall spectrum intensity of YSZ can 
vary depending on the oxidation state of the zirconium cations on the electrolyte 
surface.29 The implication of their research is that besides being a measure of 
stoichiometry and structure, Raman spectroscopy can be used to measure, to some 
degree, the surface reactivity of some common SOFC materials. 
 While YSZ and GDC are strongly Raman-active, many current cathode 
compositions based on perovskite structures are not. Figure 2.5 shows typical Raman 
spectra collected from five candidate cathode materials: La0.6Sr0.4CoO3-δ (LSC), 
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), La0.6Sr0.4FeO3-δ (LSF), Sr0.5Sm0.5CoO3-δ (SSC), and 
La0.85Sr0.15MnO3-δ (LSM). All five spectra have a low signal-to-noise ratio. A perfect 
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cubic perovskite (space group 221 – Pm 3 m) has no Raman-active phases, which 
explains the tendency for these compositions to have a weak signal. 
 
 
















Figure 2.4. Raman spectra of fluorite-based electrolyte materials GDC and YSZ compared to CeO2. 
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Figure 2.5. Raman spectra of candidate perovskite-based cathode materials collected in air at room 
temperature. SSC, LSM, and LSF are orthorhombic perovskites, while LSC and LSCF are rhombohedral. 
 However, of the five compositions, SSC, LSM, and LSF are orthorhombic 
perovskites (space group 62 – Pnma), and LSC and LSCF are rhombohedrally-distorted 
perovskites (space group 167 – R 3  c). Factor group analysis reveals that orthorhombic 
perovskites have 24 predicted lattice modes and rhombohedral perovskites have 5 (see 
Appendix A for full listing). While one would expect to see a large amount of peaks, 
what one observes instead are few broad signatures, although one can come close to 
identifying five weak, broad peaks in the LSCF spectrum. The lack of identifiable peaks 
in the orthorhombic-based compositions is explained by temperature effects (more 
numerous and sharper peaks can be observed at lower temperatures), a low Raman 
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scattering cross section of the base components, and a weakening of the orthorhombic 
distortion of the lattice brought about by defects caused by the complex composition of 
the material.30-32 
 The weakness of the Raman signal from candidate cathode materials is not 
necessarily a bad thing. Mainly, it doesn’t mean that Raman analysis of cathode materials 
cannot be done, but rather only that longer collection times are needed to collect a 
satisfactory spectrum. Rough compositional analysis could still be performed on some 
materials, as evidenced by the Raman spectra shown in Figure 2.6 that were collected 
from three slightly different SSC compositions. The relative intensities of the broad peaks 
centered around 400 cm-1 and 490 cm-1 vary with changes in the ratio of samarium to 
strontium. The weak signal can also be an advantage when studying surface species and 
contaminants on the cathode surface, as the material offers no strong substrate signal that 















Figure 2.6. Raman spectra of various SmCoO3-SrCoO3 (SSC) cathode compositions. Spectra were 
collected in air using a 488 nm laser source. 
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Regarding the specific contamination processes being studied within this work, 
Raman spectroscopy is particularly useful for both the carbon and chromium studies, as 
compounds associated with either area are strongly Raman active. Carbon deposition on 
the anode lends itself readily to in situ measurements. All major carbon allotropes 
(diamond, graphite, graphene, carbon nanotubes, carbon black, diamondlike carbon) are 
all Raman-active.33-36 Based on the presence and relative intensity of different first order 
and second order peaks, these phases can be distinguished from one another using Raman 
spectroscopy. Figure 2.7 compares representative Raman spectrum collected from highly 
ordered graphite compared with amorphous carbon (disordered graphite). While both 
phases share the 1580 cm-1 peak (due to sp2 carbon bonding and often referred to as the 
‘G’ peak), the peak around 1340 cm-1 in the amorphous carbon (due to sp3 carbon 
bonding and often referred to as the ‘D’ peak) increases as graphite becomes more 
disordered. This disordered graphite is the primary form of carbon that forms within 
SOFC anodes using hydrocarbon fuels. Walker et al., at the University of Maryland were 
the first to develop and demonstrate a Raman system for studying carbon formation on 
nickel SOFC anodes.37, 38 
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Figure 2.7. Raman spectra of amorphous carbon and graphite, two allotropes of carbon. Spectra were 
collected in air using a 514 nm laser source. The 1580 cm-1 E2g is a first order peak, while the 2720 cm-1 is a 
higher order peak. 
 For chromium contamination, Figure 2.8 demonstrates the Raman activity and 
distinguishability of the expected Cr contaminant phases: Cr2O3, SrCrO4, and the 
(Mn/Cr)3O4 spinel. See Appendix A for a full list of the Raman-active modes of these 
compounds. The Mn1.5Cr1.5O4 sample is the composition used to generate a reference 
spectrum for the (Mn/Cr)3O4 spinel. Changing the relative amounts of manganese and 
chromium would change the width and relative intensities of the labeled peaks. While no 
previous Raman Cr contamination studies of these compounds have been performed on 
SOFCs, Raman spectroscopy has been used to monitor in situ the formation of Cr2O3 and 
MnCr2O4 (the spinel) scale on stainless steel.39-41 With regard to SOFC research, Ingram 
et al., at Argonne National Laboratory used Raman spectroscopy to confirm ex situ the 
formation of K2Cr2O7 during their Cr contamination studies.42 This contamination formed 
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as a reaction between the Cr- containing vapor being used for their experiment with a 
ceramic sealant being used to seal their reaction chamber.∗  
 






















Figure 2.8. Raman spectra of typical Cr contaminants found within SOFC cathodes used in conjunction 
with stainless steel interconnect layers. The Mn1.5Cr1.5O4 compound has a spinel structure. 
 Even though it seems like a helpful and substantive technique well-suited for 
SOFC applications, Raman spectroscopy is not currently popular within the SOFC 
community. The author is only aware of Robert Walker’s research group at the 
                                                 
∗ The Acknowledgements within the Ingram et al. paper recognize that I was the one who took the Raman 
measurements for their work. The phase identification was made from a yellow film deposited on the inside 
of a thin quartz exhaust tube used in their experiment. Since the quartz tube is visibly transparent and since 
our Raman microscope uses a visible (514 nm) light source, we were able to focus on the film through the 
wall of the tube and perform the analysis nondestructively. They were able to tell me that the deposit 




University of Maryland and Meilin Liu’s research group at the Georgia Institute of 
Technology as being groups that regularly rely on and publish Raman analysis of SOFC 
components. The author hopes that the results presented in the following chapters will 
offer strong evidence for convincing others of its utility in this field. 
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CHAPTER 3:  RAMAN EXPERIMENTAL SETUP 
 
 The Raman microscope used for the work presented here is part of an advanced in 
situ characterization system assembled within the Center for Innovative Fuel Cell and 
Battery Technologies at the Georgia Institute of Technology. The system, detailed in 
Figure 3.1, is allows for simultaneous chemical and electrochemical analysis of an 
operating fuel cell system. A temperature- and atmosphere-controlled sample chamber 
(special order, Harrick Scientific, vide infra) can be interfaced with either a Bruker 
Equinox55 FTIR spectrometer (in reflectance or emission mode) or a Renishaw RM 1000 
Raman microscope. Inlet gas flows are controlled by electronic mass flow controllers 
(Porter Instrument Company), and the exhaust gas from the chamber can be circulated 
through either a Varian 3800 gas chromatograph or a Hiden Analytical HPR20 mass 
spectrometer to analyze its composition. Electrochemical measurements can be 
performed on the sample while simultaneously recording Raman spectra by running lead 
wires through holes in the quartz window covering the sample chamber.  We have two 
available electrochemical measurement systems: (1) A Princeton Applied Research 
Model 273 Potentiostat/Galvanostat coupled with a Model 100 Frequency Response 
Detector, and (2) a Solartron 1287 Electrochemical Interface coupled with a 1255 
Frequency Response Analyser. Both systems can be used to perform impedance 
spectroscopy or to apply a potential across a sample. This comprehensive characterization 














Figure 3.1. Schematic of the advanced in situ FTIR/Raman spectroscopy system within the Center for 
Innovative Fuel Cell and Battery Technologies. 
3.1. Raman spectrometer 
 All Raman measurements were performed with the Renishaw RM 1000 Raman 
microscope mentioned above. The Raman microscope uses a Melles Griot 100 mW air-
cooled argon-ion laser source. The spectrometer has optical filters to accommodate either 
the 488 nm or 514 nm line from the laser. All results presented here, unless otherwise 
noted, were collected using the 514 nm laserline. The Raman signal, 180º backscattered 
from the sample surface, is separated by a 1800 lines/mm diffraction grating and read by 
a thermoelectrically-cooled CCD detector.  
The laser light can be focused through one of two 50X objective, depending on 
the experiment. For room temperature, in-air measurements a 1 mm focal length 
objective (0.75 numerical aperture) can be used. For measurements taken using the 
sample chamber, an 8 mm focal length objective (0.5 numerical aperture) must be used to 
accommodate the extra distance required by sample chamber cover. The longer focal 
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length objective could also be used for measurements performed in air; however, its 
lower numerical aperture lowers the amount of signal collected. Through the 50X 
microscope objective, the laser can be focused to a spot approximately 1 μm in diameter, 
giving an ideal sampling area of about 1 μm2. The actual measured signal comes from a 
larger area (up to 5 μm away, depending on the species being studied) as the laser line is 
not always focused perfectly focused. 
 The sample sits upon a Prior Scientific ProScanTM motorized x-y-z stage with a 
0.02 μm step size, so the sample can be moved precisely within the spatial resolution of 
the laser spot size. The system offers two options for generating position-dependent 
Raman data. For Raman mapping, a full Raman spectrum is collected from each 
designated point within a desired area. Depending on the time needed to record an 
individual spectrum, this method can be time consuming, but it generates a 
comprehensive picture of the desired area. The other method, Raman imaging, utilizes 
the global imaging configuration of the spectrometer to collect the intensity of a desired 
Raman shift from the area illuminated by the laser source. The Raman image is generated 
in the time necessary to record one spectrum, so this method is better suited for collecting 
quick, time-dependent data. However, there are two significant disadvantages. First, the 
Raman image only contains information about one particular Raman shift instead of the 
whole spectrum.  Second, the size of the Raman image is limited to the illuminated 
sample area. To generate a larger image, the user must manually adjust the sample 
position, record another image, and paste the images together. With Raman mapping, the 
entire desired sample area can be selected initially and the computer will automatically 




















Figure 3.2. Schematic and photograph of Raman sample chamber. The photograph shows the chamber 
being used while a potential is being applied across the sample. 
3.2. in situ Raman sample chamber 
 The Raman sample chamber, detailed in Figure 3.2 on the preceding page, is a 
modified version of a high temperature, low pressure, stainless steel sample chamber 
(HVC-DRP) made by Harrick Scientific. The maximum temperature obtainable, limited 
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by the heating cartridge housed under the sample cup, is currently 750ºC.∗ When sealed 
properly, the chamber can hold a vacuum of 10-6 torr. Originally designed for diffuse 
reflectance FTIR measurements, the original chamber cover was a dome with three 
angled IR-transparent windows for directing incoming and outgoing IR signals reflecting 
off the sample surface. Since our collected Raman signal is 180º backscattered off the 
sample surface, one horizontal, visibly-transparent window large enough to allow Raman 
mapping of the full sample surface was required. The screw-on top thus houses a 25x2 
mm quartz window. 
When polarization is required across a sample, electrical contact is made with the 
working electrode by running the lead wire through a small hole drilled through the 
quartz window using a diamond drill bit. For contact with the reference electrode there 
were two options. For symmetrical cells (when both sides of the sample were exposed to 
the same atmosphere), a small gap was left between the sample and part of the sample 
cup edge to run the lead wire from underneath the sample up through a second hole in the 
quartz window. When the reference electrode required a different atmosphere, which 
necessitated the sample completely cover the sample cup, the lead wire from the 
reference electrode was run out through the vacuum port, which opens up into the sample 
cup. 
                                                 
∗ This temperature is the temperature read from a thermocouple in contact with the heating cartridge. Since 
the chamber is made of stainless steel, the sample cup itself obtains a temperature close to that reading due 
to thermal conduction (depending on the gas flow rate through the chamber). The actual temperature on the 
sample surface depends on the thickness and thermal conductivity of a particular sample. As most of our 
samples were ceramic, this temperature difference was significant, varying from 50-150ºC from the 
cartridge temperature. Sample temperatures reported were obtained from a calibration curve generated from 
measuring the temperature of a thermocouple in direct contact with the surface of a sample YSZ pellet. 
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3.3. Raman mapping samples 
 Besides identifying which species are present on the electrode surface, another 
main goal is to discover where these species form. More specific than the overall 
electrode surface, it is desirable to probe general sample locations (e.g., near the gas 
inlet/outlet) as well as specific geometries (e.g., the triple phase boundary, or TPB, 
between the electrolyte, electrode, and gas phase). To this end, the motorized sample 
stage is used in conjunction with Raman microscope to produce maps detailing the 
intensity of a chosen Raman signal as a function of position.  Due to the illumination area 
of the laser when focused through the available 50x objective, a generated map’s 
resolution cannot be finer than 1 μm2. Further, experimentation has revealed that a slight 
Raman signal can be detected from strong Raman scatterers from up to 5 μm away from 
the center of laser spot. Thus, samples should be designed such that particular locations 
of interest are located at least 5 μm away from other areas of interest to obtain cleaner 
data.  
Two types of samples are used for the mapping experiments. The first type of 
sample, shown in Figure 3.3(a), is a dense pellet composed of a mixture of an electrolyte 
with the chosen electrode material. Each phase is made from polycrystalline particles 
with average diameters greater than 10 μm.  The large particle size allows for the 
adequate separation of the signal from the TPB from that of the interior of the particle.  
The second type of Raman mapping sample consists of a cell made from a YSZ substrate 
with a painted metallic electrode on one side and a micropatterned electrode of the 
desired cathode material on the other side, as shown in Figure 3.3(b).  The patterned 
electrode is deposited through standard lithographic techniques.43-46 The widths of the 
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electrodes and the distances between the electrodes are on the order of 10 and 50 μm due 
to the resolution of the microscope.∗ 
The composite samples can be made for any electrode material and can be used 
for experiments performed in different atmospheres and at different temperatures. The 
patterned electrodes can be used in these types of experiments, too, but they have the 
added flexibility of allowing a potential to be easily applied to the sample during the 
measurement. But while the patterned electrodes are more versatile, they are also more 
time consuming and expensive to fabricate, as they require access to a clean room and a 








Figure 3.3. (a) Composite and (b) micropatterned electrode samples used for Raman mapping 
measurements. The electrode strips pictured in (b) are 50 μm wide. 
                                                 
∗ All micropatterned samples were fabricated by my colleague Dr. Erik Koep. For a better demonstration of 
the possible resolution of these techniques and the scientific merit of such samples, please see his 
publications and doctoral thesis.43-46  
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CHAPTER 4:  RAMAN SPECTROSCOPY OF SURFACE OXYGEN 
 
 Overall SOFC performance in the intermediate temperature range (400-700ºC) is 
limited by the interfacial polarization resistance between the cathode and the electrolyte. 
Rational development of better SOFC cathodes thus relies upon a thorough understanding 
of the oxygen reduction process happening on the cathode surface. Direct spectroscopic 
observation of the species involved in this process would help identify the rate-limiting 
step and indicate what characteristics of the cathode must be improved, be it 
microstructure or electrode composition. The work in this chapter represents the efforts 
spent trying to observe surface oxygen species on the common cathode materials. Raman 
measurements were made first upon a model material, CeO2, to compare experimental 
data with theoretical values predicted using quantum chemical calculations. Next, similar 
calculations and measurements were made for selected cathode materials. 
 
4.1. Mixed conducting cathodes and the oxygen reduction process 
Phenomenologically, cathodic interfacial polarization involves the reduction of an 
oxygen molecule to the oxygen anion (O2-) and its incorporation into the electrolyte.  
Piecewise, the mechanism requires, in some order, the following processes:  adsorption, 
reduction, dissociation, and incorporation. Figure 4.1 details different possible reduction 
mechanisms depending on whether the adsorbed oxygen molecules first dissociates or 

















Figure 4.1. Possible oxygen reduction mechanisms occurring on the SOFC cathode in which (a) the 
oxygen molecule is reduced before dissociating or (b) the oxygen molecule dissociates before being 
reduced. 
 To improve cathode performance, one must first understand what exact processes 
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1 →+′+ ••              (4.1) 
in which an oxygen molecule is reduced by two electrons and incorporated into an 
oxygen vacancy in the lattice. If using a standard electronically-conductive cathode 
material, then the three reactants must by provided by three separate phases:  electrons 
from the cathode, oxygen from the gas, and oxygen vacancies from the electrolyte. The 
intersection of these three phases is called the triple phase boundary (TPB) and has been 
known historically to be important for most forms of electrocatalysis.53 Figure 4.1 shows 
a schematic of an SOFC cathode indicating the various two- and three-phase interfaces. 
Limiting the reaction to the TPB (region 3 in Fig. 4.1) eliminates the majority of 
available surface area at the cathode area.  Extending the catalytically active area to 
 35
include surfaces away from the TPB would increase the cathode performance and thus 
allow the SOFC to operate at lower temperatures. To this effect, scientists have begun 
focusing on cathode materials that conduct not only electrons, but also oxygen ions – so-
called mixed ionic electronic conductors  (MIECs). The added ionic conductivity allows 
for the oxygen molecule to be reduced on the cathode surface and incorporated into the 
cathode lattice (regions 1 and 2 in Fig. 4.1) before being transported through the cathode 
to the electrolyte. 
 
1. Gas / Electrode / Current collector
2. Gas / Electrode
3. Gas / Electrode / Electrolyte
4. Gas / Electrode
 
Figure 4.2. Various interfaces on an SOFC cathode. For fuel cell stacks, the interconnect material acts as 
the current collector. 
Over the last 15 years, scientists have developed MIEC cathode materials such as 
La1-xSrxCoO3-δ (LSC), La1-xSrxFeoO3-δ (LSF), La1-xSrxCo0.2Fe0.8O3-δ (LSCF) and 
Sr0.5Sm0.5CoO3-δ (SSC) that exhibit a significant amount of mixed conduction even below 
600ºC.48, 54-57 However, even with the mixed conduction in these materials, the interfacial 
resistance at the cathode is still the limiting factor in SOFC performance at lower 
operating temperatures.7 To help discover the root of this problem, thorough theoretical 
analysis has been performed to model SOFC performance using MIEC cathode 
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materials.15, 58, 59 The mixed conduction adds another level of complexity to the oxygen 
reduction mechanism described earlier. The adsorption, dissociation, and reduction of 
oxygen now occur at multiple locations on the cathode, and diffusion over the surface 
and through the bulk of the cathode must now also be considered. 
 
4.2. Observing surface oxygen using Raman spectroscopy 
Like IR spectroscopy, Raman spectroscopy has a history going back to the 1970’s 
of being used to observe surface species and thin surface layers.24, 60, 61 Typical surface 
contaminants like hydroxyl groups and carbonates are readily seen on most samples.62, 63 
With adequate surface cleaning and a controlled atmosphere, many other surface species 
can be observed:  sulfur (thiols and sulfides), hydrogen (and hydrides), CO (and COOH), 
O2 (and various reduced oxygen species), and NOx.24, 64-70 With regards to SOFCs, while 
no work has reported demonstrating oxygen on the surface of current candidate cathode 
materials, peroxide species have been located on the surface of a composite between 
silver and La0.6Sr0.4MnO3 composite, a perovskite similar in composition to the standard 
La0.85Sr0.15MnO3 (LSM) cathode.71 
Like all forms of surface analysis, the key to getting a strong surface signal is the 
surface treatment method and the measurement conditions. Surface groups like hydroxyls 
and carbonates are very tenacious and must be removed through a suitable combination 
of heating, purging, and evacuation, or these groups will cover the sample surface and 
reduce the signal from the desired surface species. Temperature also plays an important 
role in observing surface species, as adsorbed and weakly-bonded species have a greater 
tendency to desorb as the temperature increases.62 The greatest chance of success for 
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surface Raman measurements is at low temperatures in a well-controlled atmosphere. The 
ability to make high temperature in situ measurements is thus limited to the temperature 
range within which the signal for the desired surface species is strong enough to be 
discernible above the background. 
4.3 Surface oxygen species on CeO2 
 Before turning to SOFC cathode materials, it is helpful to turn to a material – in 
this case, cerium oxide CeO2 –  for which there exists some literature demonstrating the 
ability to observe surface oxygen using Raman spectroscopy.62, 72-75 Ceria is a good test 
material for many reasons: (1) it’s the base material for GDC, a leading low temperature 
electrolyte candidate material, (2) some research group are incorporating CeO2 as an 
ionically- conducting ceramic phase for a cermet-based anode, and (3) its fluorite 
structure (with no dopants) is easy to simulate when doing test quantum chemical 
calculations to verify peak assignments in measured Raman spectra.76-80 
 Two microstructures of CeO2 were examined: (1) CeO2 “microflowers”, a unique 
microstructure with ~100 m2/g specific surface area created by group member Yuelan 
Zhang using a hydrothermal process shown in Figure 4.3),81, 82 and (2) CeO2 
nanoparticles of comparable specific surface area purchased from Sigma-Aldrich. The 
two samples were chosen to evaluate how morphology affects the types of oxygen 
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Figure 4.3. (a),(b) SEM images of ceria “microflowers”. (c) Room temperature Raman spectra of micro-
flowers collected after reduction in 10% H2 at 425ºC and subsequent exposure to 16O2 and then 18O2. 
Micrographs reprinted from Zhang et al.81 
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The powders were pressed into a dry 10 mm diameter pellet and placed separately 
within the Raman sample chamber. Two surface treatments were used to remove 
unwanted species from the surface:  (1) Evacuation at 50ºC for 4 hrs and (2) Reduction in 
5% H2 (balance argon) for 4 hrs at 400ºC. For ceria, both methods were found to 
sufficiently clean the surface. Raman spectra were then collected at room temperature 
from the cleaned surface before and after exposure to 16O2. Typical spectra from the 
microflowers are shown in Figure 4.3(c). While the F2g peak at 464 cm-1 (discussed in 
Chapter 2) is the prominent feature, closer examination between 800 and 1200 cm-1 
reveals a peak at 831 cm-1 that emerged upon exposure to oxygen. To confirm that this 
peak was indeed from a biatomic oxygen species, the sample was exposed to the heavier 
isotope 18O2 (95% 18O2/5% 16O2), which caused the 831 cm-1 peak to weaken and shift to 
781 cm-1. The ratio of these two peaks (831/781 = 1.06) is equal to the anticipated shift in 











m ). Thus, the 831 cm-1 peak can be assigned to an O2 species. 
The nanoparticles also exhibited the 831 cm-1 peak upon oxygen exposure; 
however, another peak at 1128 cm-1 was also observed (see Figure 4.4). 18O2/16O2 isotope 
exchange confirmed that this peak was also an O2 species. The presence of these peaks is 
consistent with previously reported studies that assigned the 831 cm-1 and 1128 cm-1 peak 
to peroxo-like and superoxo-like reduced oxygen species, respectively.62, 69 The 
assignments do not equate to an exact charge of  –1 (superoxide) and –2 (peroxide); they 
only indicate that the 831 cm-1 species is more negatively charged than the 1128 cm-1 
species, itself more negative than molecular oxygen (which vibrates at 1550 cm-1) 
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in CH4 + Air
831 1128
 
Figure 4.4. (a) Comparison of Raman spectra, in 16O2,of microflowers with nanoparticles of similar 
specific surface area. (b) Raman spectrum showing loss of 1128 cm-1 superoxide peak from nanoparticle 
after exposure to mixture of air and CH4. 
 To learn more about the nature of these oxygen species, a postdoctoral research 
associate within the author’s research group, Dr. Yongman Choi, used DFT models to 
analyze possible structures for oxygen species adsorbed on a CeO2 (111) surface.83 The 
(111) surface was chosen because it had been previously shown to be the most 
energetically stable exposed surface for CeO2.84 To simulate the reduced CeO2 structure, 
vacancies were added to the model slab, as the negative point defects created from 
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reducing a Ce+4 lattice sites are usually compensated by the creation of oxygen vacancies, 
a positively-charged point defect. Many possible conformations, with different adsorption 
energies, were calculated. The predicted vibrational frequencies of the different oxygen 
species did not match exactly the experimentally-observed values; however, two classes 
of species could be observed. One grouping had predicted vibration modes between 1100 
and 1300 cm-1, while another had values clustering between 900 and 1000 cm-1. Since 
reliable correction factors to correlate theoretical and experimental values do not exist for 
CeO2, an assignment of one particular theoretical arrangement to each peak could not be 
made. Instead, the 831 cm-1 peroxo-like species was concluded to be one of the species 
from the 900-1000 cm-1 group, while the superoxo-species was said to belong to the 
1100-1300 cm-1 group. Figure 4.5 gives an example of a species from each class, along 
with its associated adsorption energy. The adsorption energy was calculated as the 
difference between the energy of the bonded state and the energy of the CeO2 surface and 
free oxygen. The greater adsorption energy of the peroxo-like species reflects stronger, 
more stable bonding with the CeO2, which is to be expected as the oxygen molecule 





















side-on-b-v1, -2.55 eV  
Figure 4.5. Geometric illustration of possible (a) superoxo- and (b) peroxo- arrangements of O2 adsorbed 
on a reduced CeO2 (111) surface. ‘V’ indicates an oxygen vacancy. The reported adsorption energies were 
predicted using DFT calculations. Images reprinted from Choi et al.83 
 
 The abundance of available surface oxygen on ceria has led some scientists to use 
it as an oxidative catalyst. This is one reason why it has been considered for inclusion in 
SOFC anodes to help oxidize hydrocarbon fuels. As shown in Figure 4.4(b), the Raman 
spectrum of the CeO2 nanoparticles was recorded during exposure to a mixture of 10% 
CH4 in air. The superoxide peak decreases significantly while the peroxide peak remains 
strong. This selective response indicates that the less-tightly bound superoxide species is 
the species involved in oxidation of the methane. Thus, measurement of the 1128 cm-1 
peak intensity can be used to gauge the effectiveness of CeO2 catalyze towards the 
oxidation of methane. Such a rubrick leads to the conclusion that the synthesized 
microflowers would be less effective than nanoparticles with similar specific surface 
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area. TEM electron diffraction from the faces of the “petals” of the microflowers revealed 
a (100) orientation, while the nanoparticles showed a preference for the (111) face. One 
can infer that the (100) face is less reactive to oxygen reduction than the more stable 
(111) face. More DFT calculations could deny or confirm this conclusion by calculating 
the adsorption energies of oxygen on the (100) face and comparing them with those 
already calculated for (111). 
 It should be clarified that leak of a discernible signal at 1128 cm-1 does not mean 
that species is not present on the CeO2 surface. Rather, if any of that superoxo-like 
species were present, then the concentration was so low that its Raman signal could not 
be adequately detected above the spectrum background. One could rationally assume that 
some equilibrium must exist between the superoxide and peroxide species, as the oxygen 
must go through the former state to get to the latter. The relative surface energy of the 
(100) is apparently high enough to push that equilibrium more towards the more strongly 






Figure 4.6. Raman spectrum of La0.6Sr0.4MnO3 collected at (a) 25ºC in air, (b) 90ºC in a 
0.2%/1.0%/98.8% mixture of CH3OH/O2/N2; and of a 6% Ag / La0.6Sr0.4MnO3 composite in a 
0.2%/1.0%/98.8% mixture of CH3OH/O2/N2 mixture at (c) 25ºC and (3) 50ºC. Spectra reprinted from 
Wang et al.71 
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4.3. Surface oxygen on SOFC cathode materials 
 With surface oxygen measurements thus being demonstrated with the assembled 
Raman system, attention is turned back towards observing surface oxygen on SOFC 
cathode materials. As stated previously, Wang et al. claimed to have detected oxygen 
from the surface of a La0.6Sr0.4MnO3 / Ag composite.71 Their data is shown in Figure 4.6. 
Spectra 4.6 (c) and (d) show a peak at 802 cm-1, which they attribute to a peroxide 
species. The LSM used for a conventional SOFC cathode is either La0.8Sr0.2MnO3 or 
La0.85Sr0.15MnO3. The difference in composition from that used by Wang is significant 
because with the greater amount strontium, the La0.6Sr0.4MnO3 composition is a 
rhombohedrally-distorted perovskite (as is SrMnO3) and not the orthorhombically-
distorted structure of La0.85Sr0.15MnO3. Changing the structure can change the properties; 
however, one can consider that some candidate cathode materials (e.g., LSC and LSCF) 
are also rhombohedral perovskites. 
 As done with CeO2 in the previous section, DFT calculations were performed on a 
model La0.5Sr0.5MnO3 structure to find stable arrangements of oxygen adsorbed on the 
LSM surface and to predict the vibrational frequency of the adsorbed oxygen molecule. 
The 50:50 La:Sr composition was chosen due to the size of the model slab. To generate a 
85:15 La:Sr composition, the slab would have had to be made larger, which would 
significantly increase the computational time necessary. The results of these calculations 
are summarized in Figure 4.7 and Table 4.1. 
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Figure 4.7. Structural representation of optimized oxygen species on La0.5Sr0.5MnO3 via molecular 
adsorption. The species in dashed circles are adsorbed oxygen species. V denotes an oxygen vacancy. 
Figure reproduced from Choi et al.85 
 
 
Table 4.1. Adsorption energies, bond lengths, and vibrational frequencies of adsorbed oxygen species on 
La0.5Sr0.5MnO3 (LSM0.5). Table values reprinted from Choi et al.85 
SPECIES ΔE, eV r(O-O), Å r(O-M), Å νO-O, cm-1 Remark 
LSM0.5 + O2 0.00 — — — —
O2 — 1.235 — 1558 — 
La-super -1.10 1.299 2.271 1218 superoxo 
La-diss -5.20 — 1.908 — — 
Mn-super -1.93 1.319 1.742 1182 superoxo 
Mn-per -2.79 1.426 1.842 909 peroxo 
Mn-diss -6.69 — 1.653 — — 
Mn-diff* -8.47 — — — — 
* Final product in the mechanistic study 
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 The arrangements in Fig. 4.7 show the possibility of both superoxo- and peroxo-
like species bound to either lanthanum or manganese cations, with manganese being 
energetically favored, as evidenced by the adsorption energies calculated in Table 4.1. 
There is also a strong driving force for the dissociated states (La-diss and Mn-diss), 
meaning equilibrium may be shifted away from the reduced molecular species in favor of 
dissociated oxygen atoms. Nonetheless, supposedly stable arrangements should 
theoretically exist, with vibrational frequencies between 800 and 1200 cm-1. 
 Initial Raman measurements do not reveal any such peaks. Test pellets of the 
model La0.5Sr0.5MnO3 composition were pressed from powders made using the glycine-
nitrate process (GNP). This process was used, as opposed to traditional solid state 
techniques, because the GNP is excellent at making complex compositions and it makes 
very fine powders with high specific surface area.86 A high surface area powder was used 
to increase the specific concentration of surface species within the area illuminated by the 
Raman laser. To clean the surface, the pellet was evacuated to 10-3 torr for up to 12 hrs at 
either 200ºC, 350ºC, 500ºC, and 625ºC. Evacuation was chosen as a surface cleaning 
method in lieu of exposure to hydrogen due to the instability of the desired cathode 
materials in a reducing environment. The lower evacuation temperatures were attempted 
first, so as to reduce the chance of sintering or any secondary reactions inside the sample 
chamber. The evacuated samples were then cooled to room temperature and exposed to 
10% 16O2 (balance argon) or 10% 18O2 (balance argon). Figure 4.8 shows that even with 
evacuation at 625ºC, no new peaks emerge when the treated surface is exposed to 
oxygen. The peaks indicated in the figure are from the bulk of the sample. As such, the 
surface treatment did not appear to noticeably change the powder, as the spectrum of the 
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evacuated powder matches that of the as-received powder (see Appendix B for reference 
spectra). 















Figure 4.8. Raman spectra collected at room temperature from La0.5Sr0.5MnO3 after evacuation at 625ºC, 
followed by exposure to 16O2 or 18O2. 
 
Even though measurements performed on the model composition did not generate 
positive results, it is still important to try similar measurements on desired cathode 
materials. To this end, pellets were also tested from GNP powders of the following 
candidate cathode materials: LSC, LSF, LSCF, SSC, and LSM (La0.85Sr0.15MnO3). For 
LSM and SSC, powders purchased from Rhodia were also used. Sample pellets were 
purged in argon gas and evacuated at either 100ºC, 350ºC or 625ºC before being cooled 
to room temperature for Raman analysis. All attempts were met with results similar to 
Figures 4.8 and 4.9, which shows an LSM sample that had been evacuated at 100ºC for 
12 hrs and then exposed to oxygen. All that was observed was the weak Raman signal for 
the LSM substrate.  
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Figure 4.8. Raman spectra collected at room temperature from La0.85Sr0.15MnO3 after evacuation at 100ºC, 
followed by exposure to 16O2 or 18O2.  
There are a few possibilities for the lack of any surface oxygen signal. First, the 
surface treatment may not have effectively cleaned the surface, so the concentration of 
adsorbed oxygen on the exposed sample was not high enough to be detected. Second, 
even at room temperature, the equilibrium between adsorbed and desorbed oxygen may 
be such that the concentration of adsorbed species is too small to detect. This assertion 
could be tested by performing the measurements at cryogenic temperatures. Extra time 
and funding would be required to retrofit the sample chamber to accommodate such 
conditions. Finally, the Raman scattering cross section for the species on the cathode 
surface may be so low as to give a negligible signal-to-noise ratio. This explanation could 
be plausible, especially considering the weak Raman signal obtained from the bulk 
cathode compositions compared to that shown earlier by CeO2. 
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In another attempt to increase the Raman signal from surface oxygen species, a 
symmetrical cell consisting of two porous LSCF electrodes painted onto a GDC 
electrolyte substrate was placed into the chamber and heated to 600ºC and then polarized. 
Silver lead wires had been attached to both electrodes using silver paste and fired 
previously at 600ºC for 2 hrs to cure the paste. Both wires were run out of the sample 
chamber through holes drilled in the quartz window covering the chamber. The holes 
were then sealed using J.B. Weld brand epoxy. The idea was to force the continual 
creation of reduced oxygen species on the cathode surface by operating the cell. Also, 
sometimes an electric field can increase the Raman scattering of a particular species.24 
Figure 4.9 demonstrates that neither anodic nor cathodic polarization produced a signal 
significantly different from that of the cell at open circuit voltage (OCV – no bias applied 
to the cell). 
















Figure 4.9.  Raman spectrum from one electrode surface of an LSCF/GDC/LSCF symmetrical cell 
polarized at 600ºC in air. The sign of the potential is with respect to the electrode on the bottom surface of 
the sample (i.e., a negative potential represents cathodic polarization of the top surface). 
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4.4. Conclusions 
 From the results presented in this chapter, the author concludes that surface 
oxygen species cannot be readily observed on the selected perovskite-based SOFC 
cathode compositions using normal Raman measurements. Further, since the Raman 
measurements were unsuccessful at room temperature, observing such species under 
operating conditions is even less likely, since the signal broadens and weakens as the 
surface species are more likely to desorb as the temperature increases. Conversely, 
measurements made under cryogenic temperatures would have a greater chance of 
success. While the data obtained at lower temperatures may not accurately reflect what 
occurs under operating conditions (given the changes in stoichiometry and electrical 
properties that occur at higher temperatures), the data can still be used to confirm 
theoretical calculations. If proper correction factors can be obtained for low temperature 
data, the DFT models could be more accurately extrapolated to higher temperature 
conditions. This would allow for more reliable predictions, even if they could not be 
easily verified. Finally, while outside of the current capabilities of the Raman system 
used for these experiments, one could use a laser source in the UV region instead of the 
visible. Raman scattering intensity is proportional to the laser frequency to the fourth 
power (υ4), so changing from a visible laser to a UV laser produces a substantial increase 
in the Raman signal. As long as the sample is not adversely affected by UV radiation, UV 
Raman spectroscopy is an excellent tool for in situ characterization of oxide surfaces.87 
 It must be emphasized that while no surface oxygen signals were detected from 
the perovskite cathode materials, the signal from the CeO2 surface was very strong. 
Raman spectroscopy is still a valuable surface analysis tool for the right system. 
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 An additional concern to address is the data cited in Fig. 4.6 from Wang et al. on 
the Ag/La0.5Sr0.5MnO3 mixture.88 Why were they able to detect oxygen on the surface of 
La0.5Sr0.5MnO3 using the same laser wavelength used here? First, as no 18O2/16O2 isotope 
exchange experiments were performed (or at least, none were reported), the peak may not 
originate from an oxygen species.  Another possible explanation is that the 802 cm-1 peak 
is due to adsorbed oxygen, but from the silver surface and not the La0.5Sr0.5MnO3. Indeed, 
other groups have found surface Ag-O bonds around 800 cm-1.68, 89 Finally, the presence 
of the silver may have enhanced the Raman signal beyond what is expected from normal 
Raman measurements. This possible phenomenon will be discussed in the next chapter. 
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CHAPTER 5:  SURFACE ENHANCED RAMAN SCATTERING 
(SERS) 
 
 In the previous chapter, it was concluded that normal Raman measurements could 
not be used to detect oxygen species on the surface of the desired cathode materials. The 
intensity of the Raman signal was not strong enough to be detected above the sample 
background. UV Raman spectroscopy was offered as one solution for increasing the 
signal strength, but it requires purchase of a UV laser and UV optics to manipulate and 
detect the UV signal. In this chapter, an alternative method of increase the Raman signal 
is explored: surface enhanced Raman scattering, or SERS. With SERS, metallic 
nanoparticles (usually silver or gold) are placed on a substrate. These particles, when 
illuminated with a laser of proper wavelength can enhance the scattering signal of any 
species within a few nanometers of the particle by up to 15 orders of magnitude. Possible 
methods of incorporating metal nanoparticles onto the cathode surface are proposed and 
initial results from two of these methods are presented. 
 
5.1. The SERS mechanism 
The effect known as SERS was first observed in 1974 by Fleishcmann et al. while 
studying the redox behavior of pyridine on roughened silver electrodes.90, 91∗  The 
                                                 
∗ Fleischmann et al. are given credit for first observing the SERS effect, but they did not recognize what it 
was when they measured it. They had roughened the silver electrode to increase the surface area of the 
electrode, and they attributed the increased signal to the greater surface area. It would take three years 
before others did the calculation to show that the enhancement was well beyond that which could be 
attributable to surface area alone and that another enhancement mechanism must be taken place. Still, that 
original paper has received almost 1200 citations at the time of this writing. 
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presence of the metal particles has been found to enhance the Raman scattering efficiency 
of the surrounding area on the order of 106.92, 93 The bulk of the enhancement is thought 
to derive from the interaction of the surface species with a plasmon field generated 
around the metal nanoparticles in the presence of the laser’s electromagnetic field.22, 94 
The key to the enhancement factor is the size and curvature of the nanoparticle. The 
orientation of the species with the plasmon field is also significant, as enhancement is 
greatest perpendicular to the field. Today, within certain systems, Raman enhancement 
factors as high as 1014 have been obtained, allowing for isolation of single molecules.95 
The enhancement effect quickly decays within a few nanometers from the nanoparticle, 
so it is an ideal technique for observing surface species and surface structures.  Many 
factors such as the temperature, the laser excitation wavelength, and the nature of the 
sample ultimately control the amount of Raman enhancement available through SERS, so 
no standardized method currently exists for all applications.96 Instead, a methodology 
must be tailored for each specific application. 
 
5.2. SERS strategies for SOFC cathodes 
 Most SERS research involves looking at molecules in solution. For such 
applications, SERS-active substrates are now commercially available from companies 
such as D3 Technologies. These substrates consist of a uniform or patterned layer of 
nanoparticles (silver or gold) deposited on a substrate (such as quartz). Sometimes, a thin 
sub-nanometer layer of a nonreactive material such as Al2O3 is applied as a coating, thin 
enough to still provide signal enhancement through the layer while providing a protective 
layer against whatever solvents may be applied to the substrate.97 A droplet of a desired 
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solution is applied to the substrate, and SERS measurements can be taken from molecules 
that physically or chemically adsorb to the substrate surface. Such an apparatus cannot 
work for studying SOFC materials; however, the overall concept can be applied to fuel 
cell electrodes by treating the cathode as the substrate and by somehow depositing metal 
nanoparticles onto the cathode surface.  
The author had previously proposed using three different methods to apply metal 
nanoparticles to a cathode surface, demonstrated in Figure 5.1: 
1. Silver or gold colloids are applied dropwise to the cathode and left to dry 
in air. After the colloid evaporates, the nanoparticles remain on the 
surface. Raman measurements can then be taken from areas with 
aggregates of nanoparticles, creating a SERS effect for cathode surface 
species in the immediate vicinity of the particles.  
2. Combustion chemical vapor deposition (CCVD) is used to simultaneously 
deposit nanoparticles of the cathode material and of silver on an 
electrolyte substrate. In CCVD, a combustible solution containing 
precursors of the desired materials (usually nitrates) is sprayed through a 
nozzle with a flame at the end.98, 99 The energy from the combustion of the 
solution is used to form the desired material, while the vapor phase 
reaction allows for the creation of nano-scale particles.  
3. A thin, discontinuous gold or silver film is sputtered on the surface of a 
dense cathode substrate. The sputtering time must be short enough to form 








Figure 5.1. Depositing silver/gold nanoparticles on SOFC cathode surfaces for SERS measurements using 
(a) colloids, (b) CCVD, and (c) sputtering. 
5.3. Initial SERS results 
5.3.1. Silver and gold colloids 
 To better gauge an enhancement effect, an initial SERS measurement was 
attempted using CeO2, as it already has an observable signal from surface oxygen (see 
section 4.3). Two drops from a 20 nm gold colloid purchased from British Biocell 
International (BBI) were applied to pressed pellet of CeO2 nanopowder (Sigma-Aldrich) 
and allowed to dry in air. Figure 5.2 shows the effect of the colloid on the Raman signal 
from the powder. The top two spectra were collected from the discolored region that had 
been impregnated with the colloid. The overall spectrum intensity did increase (by less 
than one order of magnitude); however, the intensity of the 831 cm-1 peak, previously 
assigned to a surface peroxide species, did not significantly change.  The reason for this 
broad-based enhancement is not known, but this author posits that it could result from a 
change in the overall polarizability of the first few layers of the ceria lattice brought 
about by the plasmon field generated around the gold nanoparticles. As for the lack of 
enhancement in the oxygen signal, applying the water-based colloid to the powder may 
have changed the surface composition, with surface oxygen being displaced with 
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Figure 5.2.  Raman spectrum collected in air from CeO2 nanopowder before (bottom spectrum) and after 
(top two spectra) application of a 20 nm gold colloid. The 831 cm-1 peak has been previously assigned to a 
surface peroxide species. 
 The gold colloid particles may also have been too broadly distributed. The pellet 
was made of dry-pressed powder, so the drops of the colloid were quickly adsorbed into 
the pellet. Very few nanoparticles probably settled onto the pellet surface. To overcome 
this, further experiments were carried out on dense, sintered pellets, making it hard for 
the colloid to permeate into the pellets interior. For dense pellets, the colloid evaporates 
and leaves a visible ring on the pellet surface. This ring contains most of the 
nanoparticles, as the ring was the last portion of the colloid to evaporate, leaving the 
nanoparticles as a deposit. Figure 5.3 shows the ring area on the surface of a dense pellet 
of Sm0.5Sr0.5CoO3 (a candidate cathode material) to which two drops of the 20 nm gold 
colloid had been applied. The surface is discolored and small aggregates of nanoparticles 








Figure 5.3. Optical micrograph showing the edge of the ring of gold nanoparticles left from the drop of 20 
nm gold colloid placed on a dense SSC pellet. Some small aggregates of nanoparticles can be seen on the 
untreated SSC surface just outside of the ring.  
Figure 5.4 shows Raman spectra collected from this ring of nanoparticles from the 
surface of a dense SSC pellet. The overall spectrum intensity increased by up to one order 
of magnitude, but of particular interest in varying intensities of the peaks observed in the 
spectra collected from different locations. The 513, 684, and 780 cm-1 peaks received 
large, but not uniform enhancements. Some of the variation may be caused by local 
changes in the surface orientation with respect to the nanoparticle, but with such a large 
sample area (~ 1 μm2), one would assume that the large number of nanoparticles 
presumably within that area would average out this effect. However, it is often observed 
that only a few nanoparticles generate a strong SERS effect, even among those with the 
supposedly right particle size or shape.92, 100 If this is true, then a recorded SERS signal 
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can be dominated by the signal from only a few select nanoparticles.∗ This use of the 
selected gold colloid did not cause any new peaks to emerge; all the peaks that were 
enhanced to different degrees could be found from the untreated sample. These peaks are 
due to lattice modes and not from surface species, so the colloid did not seem to generate 
a surface-specific signal. 
When a 20 nm silver colloid was used instead of gold, the results were different. 
For SSC substrates treated with silver colloidal particles, the Raman spectrum generated 
a fluorescence signal from the silver particles. Similar to the spectrum in Figure 5.5(a), 



































Figure 5.4. Raman spectrum collected in air from a dense SSC pellet before (bottom spectrum) and after 
(top two spectra) application of a 20 nm gold colloid. The inset from the untreated sample shows that the 
enhanced peaks were all present before the colloid was applied. 
                                                 
∗ Within the community of SERS researchers, these particles are known as “hot spots” or “hot sites”. 
Identifying the exact shape and size of these particles and learning how to synthesize such particles with a 


























Figure 5.5. Raman spectrum collected at room temperature in air from a dense SSC pellet after application 
of a 20 nm silver colloid and firing the pellet for two hours at (a) 110ºC, (b) 225ºC, and (c) 310ºC. The 






































Figure 5.6. Comparison of room temperatures Raman spectrum from an untreated dense SSC pellet and 
from the pellet surface after application of 20 silver colloid followed by heat treatment at 310ºC. The 
features marked with an asterisk (*) are assumed to be peaks and occur at the following wavenumbers: 854, 
893, 930, 977, 993, 1017, 1057, 1088, 1106, 1115, 1133, 1153, 1211, 1235, 1245, 1295, 1340, 1355, 1420, 
1451, 1514, and 1546 cm-1. 
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As the measured signal came almost entirely from the nanoparticles, an attempt 
was made to change the particles by firing the sample. The reasoning for this heat 
treatment was to possibly change the particle morphology and/or to burn off any capping 
agents used to create the colloids or any other species adsorbed on the silver surface. 
Figure 5.5 shows the effect of firing the sample with the nanoparticles for 2 hrs at 110ºC, 
225ºC, and 310ºC. By 225ºC, new signals started to emerge from the spectrum, and by 
310ºC, these new signals were of greater intensity than the fluorescence signal, which 
slowly decreased with firing temperature. Figure 5.6 compares a spectrum from the 
sample fired at 310ºC with that from an untreated sample (one with no colloid). For the 
same collection time (1 second, in this case) the signal from the treated sample was up to 
three orders of magnitude greater. A minimum of 21 peaks were identified from the 
wavenumber range sampled for this spectrum from the 310ºC sample:  854, 893, 930, 
977, 993, 1017, 1057, 1088, 1106, 1115, 1133, 1153, 1211, 1235, 1245, 1295, 1340, 
1355, 1420, 1451, 1514, and 1546 cm-1. The large number of previously unseen peaks 
makes assigning structures to each individual peak difficult. Many more experiments 
coupled with theoretical quantum chemical calculations are necessary for any rational 
attempt at accomplishing this task. 
It must be noted that the spectrum shown in Fig. 5.6 was atypical for the sample, 
in that most locations within the ring of nanoparticles returned spectra similar in shape to 
spectrum 5.5(a), only with a weaker intensity. Since the signal from the treated area was 
so strong, a one second collection time was sufficient for collecting a spectrum with an 
acceptable signal-to-noise ratio. With such a short collection time, it was possible to 
collect spectra from a large number of locations. After the SSC pellet was fired at a given 
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temperature, a rectangular mesh containing at least five hundred points spaced at 1 μm 
intervals on the border between the ring of nanoparticles and the clean SSC surface was 
sampled using the spectrometer’s automated mapping features. For the 310ºC alone, 
Raman spectra from 1500 points were measured. Only about 5% of the points sampled 
generated a spectrum with a number of peaks comparable to the spectrum detailed in Fig. 
5.6. This small population of strong SERS spectra reinforces the concept that only a small 
number of particles are strongly SERS-active. 
The measured SERS spectrum also demonstrated temporal fluctuations. Figure 
5.7 shows two one-second spectra recorded 10 seconds apart from the same location on 
the dense SSC surface. The signal fluctuates with time, a common SERS phenomenon 
known as “blinking.”101, 102 This occurrence further confirms that the measured signal is 
indeed the result of a SERS effect. Blinking also requires that measurements be restricted 
to a shorter timescale, as the signal fluctuations will average out over time and obscure 


















Figure 5.7. Raman spectra collected ten seconds apart from the same point on the SSC sample surface. The 
sample, treated with 20 nm silver colloid, had been previously fired in air at 310ºC for two hours. 
 
 As for why the heat treatment improved the SERS effect, one possible 
explanation is that the heat treatment changed the morphology of the particle. The 
strength of the SERS enhancement is wavelength-dependent, in that the strength of the 
surface plasmon generated around the metal nanoparticle depends on the absorption 
properties of the particle. The absorption maximum can vary with particle size and shape. 
Usually, the absorption maximum for a 50 nm silver nanoparticle is near 440 nm.103 
Since the incident wavelength was 514 nm, heating the nanoparticles may have changed 
the shape of the particle enough to bring the absorption maximum closer to 514 nm. 
Nanoparticles can begin to melt hundred of degrees below the melting point of the bulk 
material. Heating the particles to 300ºC may have been a high enough temperature to 
induce flow in the particles and create either small outcroppings and/or thin connections 
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between particles during the cooling process. The author recommends measuring the 
absorbance spectrum of the colloid particles as a function of firing temperature. 
 
5.3.2. Combustion CVD of silver nanoparticles 
 To test the effectiveness of CCVD for codepositing SERS-active silver 
nanoparticles alongside candidate materials, test compositions of 50:50 (weight 
percentage) silver:cathode material were deposited onto YSZ substrates by Dr.Ying Liu, 
a former group member. Both La0.6Sr0.4CoO3 (LSC) and La0.80Sr0.2MnO3 (LSM) were 
tested.∗ Figure 5.8 and 5.9 compare the spectra of the Ag/cathode samples with those 
from the cathode materials themselves.  
                                                 
∗ Cathode materials containing iron (e.g., LSF and LSCF) were excluded from these trials. Ying informed 
that iron-containing compounds, due to the iron nitrate precursor, for some reason clogged the spray nuzzle 
for the CCVD process. Also, gold nanoparticles were not deposited due to the cost of a soluble gold 




















































Figure 5.8. Raman spectrum of (a) codeposited LSC-Ag mixture and (b) LSC. The same collection time 
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Figure 5.9. Raman spectrum of (a) codeposited LSM-Ag mixture and (b) LSM. The same collection time 
was used for both measurements. 
For both materials, the peaks in the silver-containing sample peaks were 
magnified by at least one order of magnitude greater than those for the cathode materials 
alone. For LSC, the five Raman-active peaks indicated were previously very weak (if not 
arguably absent). As LSC, a rhombohedrally-distorted perovskite, has five theoretically 
Raman-active peaks (see Appendix A), these five peaks are most likely phonon modes 
from the lattice, and not from surface oxygen. Indeed, Figure 5.10 shows Raman spectra 
collected from an isotope exchange experiment as the LSC-Ag was evacuated to 10-3 torr 
for 4 hrs at 400ºC before being cooled to room temperature and exposed to either 16O2 or 
18O2. There were no peak shifts with a ratio corresponding to the masses of the two 
isotopes. 
The peaks in the LSM-Ag spectrum were strong, but they were broad instead of 
sharp as with the LSC-Ag sample. LSM is a orthorhombic perovskite, and thus has 24 
theoretically Raman-active peaks compared with the five for LSC. As discussed in 
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section 2.3, extra distortions in the lattice brought about by replacing some of the 
lanthanum cations with strontium, as well as temperature effects, may make it impossible 
to discern the individual peaks at room temperature. 












Figure 5.10. Raman spectra collected at room temperature in different oxygen environments from the LSC-
Ag CCVD sample after evacuation at 400ºC. 
 In another CCVD experiment, a layer of silver and chromium oxide (Cr2O3) were 
codeposited onto a dense LSM substrate to see if the silver would enhance the signal 
from a thin Cr2O3 layer on a cathode surface. The results of this experiment are shown in 
Figure 5.11, which compares the Raman spectrum of a CCVD layer of Ag-Cr2O3 with a 
CCVD layer of Cr2O3 alone. The layer codeposited with silver had a weak 550 cm-1 peak  
(the strongest first order Raman peak for Cr2O3), but three new peaks at 775, 810, and 
855 cm-1. As CCVD is a high temperature synthesis method, the author considered the 
possibility of a reaction between silver and chromium during the CCVD process. Indeed, 
silver and chromium can react at high temperatures in air to form silver chromite, 
AgCrO2, or silver chromate, Ag2CrO4. A reference Raman spectrum obtained from 
Ag2CrO4 powder purchased from Alfa Aesar revealed that the new peaks were indeed 
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from silver chromate. The reactivity of silver with the material being codeposited should 
thus be considered before attempting CCVD. 
 



















Figure 5.11. Raman spectrum taken from Cr2O3 and Ag-Cr2O3 CCVD layers deposited onto an LSM 
substrate. 
5.2. Conclusions 
 Both colloids and CCVD were able to generate an enhanced Raman signal using 
silver; however, only the silver colloids were able to generate what may be a surface-
specific signal. More experiments and theoretical calculations are necessary to better 
understand the multitude of peaks obtained in conjunction with the silver colloids. The 
heat treatment necessary to sufficiently activate the silver colloids is interesting and also 
requires further study. One positive aspect of the heat treatment is that it indicates that the 
silver nanoparticles can tolerate temperatures up to at least 310ºC. The upper temperature 
limit of the colloids must be found to see if silver nanoparticles can be used for true in 
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situ measurements. As the melting temperature of bulk silver metal is 962ºC, the 
nanoparticles will certainly melt and grow together in the 800-1000ºC range of 
conventional SOFCs, but the lower end of the 400-700ºC intermediate temperature SOFC 
may still be accessible. Even if true in situ SOFC operating conditions are not possible 
for silver, they may definitely be used for surface analysis in PEMFCs, which operate 
below 200ºC. 
 Similar heat treatment experiments need to be carried out with the gold colloid. 
Such additional testing is desirable since bulk gold metal melts at 1064ºC, which gives it 
a higher maximum operating temperature. Further, gold is much less reactive than silver, 
chemically and catalytically. Gold nanoparticles would not react with the cathode, nor 
would its surface catalyze the oxygen reduction reaction, which would taint any 
electrochemical and spectroscopic data obtained in situ. 
 The reactivity of silver is an important concern for two reasons. First, the high 
temperatures present inside the flame during CCVD greatly increases the chance of 
reaction between the silver and the material being codeposited with it. With respect to 
candidate SOFC cathode materials, silver phases exist that contain cobalt (AgCoO2) and 
manganese (Ag2MnO4, Ag2Mn8O16).104-107 Not only would formation of secondary 
phases eliminate any chance of a SERS effect, but also the stoichiometry of the deposited 
cathode material would be changed. Second, even if silver colloids are used instead of 
CCVD, the silver may still react with other components at or under SOFC operating 
conditions. One case study with such a problem is presented in Chapter 7. 
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 Finally, as some success was obtained with both CCVD and colloids, one could 
reasonably expect success with sputtering, the third proposed technique not explored in 
this chapter. Indeed, the literature supports the idea that discontinuous nanoscale silver 
islands can be sputtered onto substrates and that the islands can produce a strong surface 
plasmon field when illuminated with a laser source of the proper wavelength.108 
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CHAPTER 6:  CARBON DEPOSITION ON SOFC ANODES 
 
 The heretofore-mentioned results were concerned with trying to observe surface 
oxygen species on an SOFC cathode. The goal of such measurements was to observe the 
species involved in normal fuel cell operation. Attention is now turned to characterizing 
species that prevent normal fuel cell operation. In this chapter, Raman spectroscopy is 
shown to be a useful tool for monitoring carbon deposition on an SOFC anode, a side 
effect of using hydrocarbons as a fuel source. 
 
6.1. Hydrocarbon fuels and SOFC anodes 
 A distinct advantage of SOFCs over PEMFCs is the fuel flexibility of SOFCs. 
The high operating temperatures of SOFCs permit the use of hydrocarbons (methane, 
propane, etc.) and small-chain alcohols (methanol, ethanol) either through direct 
oxidation or through internal reforming (breaking the fuel source into hydrogen and 
carbon monoxide). Unfortunately, these fuel sources can break down to form carbon, 
either through direct pyrolysis or through disproportionation of the carbon monoxide 
formed during internal reformation of the fuel:109 
Pyrolysis: CH4 → C + 2 H2 
Disproportionation:  2 CO  → C + 2 CO2 
It has been shown that the performance of conventional SOFCs (those with nickel-YSZ 
anodes) running on hydrocarbon fuels experience degrades with time.76, 110-113 The drop 
in performance is considered to result from the deposition of carbon on the anode surface, 
blocking catalytically-active surface area.113  
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In principle, the cell anode can oxidize a small amount of carbon during 
operation. Also, the rate of carbon formation can be curtailed by humidifying the fuel 
line. The steam present drives the water gas shift reaction, in which the CO formed 
during fuel reformation is converted to CO2 and H2, lowering the rate of 
disproportionation: 
Water gas shift:  CO + H2O → CO2 + H2 
Further, some anode materials, such as copper, are less prone to carbon deposition than 
nickel and can thus handle longer-chain hydrocarbons.114, 115 Finally, there are claims that 
a small amount of carbon deposition can slightly increase cell performance, as small 
carbon fibers improves electrical connectivity within the anode.116 Questions still exist 
over how much carbon a particular anode material can tolerate before undergoing a 
significant drop in performance.  
 
6.2. Monitoring carbon deposition on patterned electrodes 
Correlations between carbon deposition and electrochemical performance can be 
ex situ by quenching multiple samples after various running times and examining the 
carbon deposits using electron microscopy. Such a method, however, is time-consuming 
and suffers from the possibility of artifacts produced during the cooling process. As 
stated in Chapter 2, all common allotropes of carbon are Raman-active, so Raman 
spectroscopy seems an ideal tool for simultaneous in situ spectroscopic/electrochemical 
measurements. Professor Robert Walker et al. at the University of Maryland were the 
first to develop and demonstrate a Raman microscope system for the in situ study of 
carbon formation on nickel SOFC anodes.37, 38 However, their system lacks the ability to 
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perform high resolution Raman mapping since they cannot adroitly maneuver their 
sample since it is contained within a vertical clamp-style furnace. Further, while a 
microscope objective focuses the laser to a micron-sized spot, they lack the ability to see 
visually the spot on the sample on which they’ve focused. The Raman microscope system 
used here does not share these disadvantages, allowing for position-dependent Raman 
measurements to be taken under SOFC operating conditions. 
The samples used for Raman mapping measurements consisted of a YSZ 
substrate onto which a micropatterned electrode (see section 3.3) of either nickel or 
copper had been deposited. These samples were heated inside Raman sample chamber 
and exposed to either CH4 or CH3H8 fuel gases. Raman measurements were variously 
recorded in situ and ex situ as a function of time and position. 
Figure 6.1 shows a patterned nickel sample before and after exposure to propane 
at 625ºC for two hrs. The nickel electrodes became black carbon. An ex situ Raman 
spectrum collected from the nickel surface contains two strong peaks at 1580 and 1330 
cm-1. The 1580 cm-1 peak is the E2g lattice phonon mode of graphitic carbon, while the 
1330 cm-1 indicates that the graphite is disordered, with some of the carbon exhibiting sp2 
character instead of sp3.35 A spectrum from the YSZ surface does not have a discernible 
carbon signal. The broad feature at 1600 cm-1 should not be confused with the carbon 
peak, as it results from the YSZ itself.  
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Figure 6.1. Optical micrographs collected ex situ from a patterned Ni electrode deposited on a YSZ 
substrate (a) before and (b) after exposure to propane at 625ºC for 2 hrs. The lighter regions are the YSZ 
substrate. Also shown are ex situ Raman spectra collected from the (c) nickel and (d) YSZ surfaces. The 
two peaks indicate in (c) are from defective graphite. 
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From the optical micrograph, it looks as if carbon only formed on the nickel 
surface, leaving the YSZ relatively clean. To confirm this observation, a Raman map 
showing the presence of carbon was constructed by collecting Raman spectra at various 
points within the grid shown in Figure 6.2. The integrated peak intensity of the 1580 cm-1 
carbon peak was plotted as a function of position. The 1580 cm-1 peak was chosen instead 
of the 1330 cm-1 peak because it is generally the stronger of the two peaks. The Raman 
map confirms that the carbon preferentially formed on the nickel surface. Any small 
amount of carbon on the YSZ could have resulted from dusting, as the gas flow over the 
electrode blew less tenacious carbon off the nickel surface and onto the YSZ. Further, 
some of the presumed carbon signal on the YSZ could be an artifact of the YSZ signal at 
1600 cm-1. The lack of carbon on the YSZ is significant in that it indicates gas pathways 
over a YSZ surface within a Ni-YSZ cermet anode will not clog with carbon, unless there 





Figure 6.2. Raman map from the sample in Fig. 6.1 plotting the integrated peak intensity of the 1580 cm-1 
carbon peak. Spectra were collected ex situ at 2 μm intervals within the indicated grid. 
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 While the ex situ mapping data is interesting, the information gained from it could 
have been obtained using SEM/EDS analysis. The ultimate goal is to perform in situ 
Raman analysis of an SOFC anode. To this end, in situ Raman spectra were collected at 
15 minute intervals from the Ni surface of a patterned Ni sample (on YSZ) exposed to 
CH4 for 12 hrs at 625ºC. Figure 6.3 shows the emergence of carbon peaks as a function of 
time from the selected nickel location. There was a long delay of approximately ten hours 
before any discernible from carbon was observed. There are two explanations for this. 
First, the Raman system may not be sensitive enough to detect extremely thin layers of 
carbon. The threshold thickness could be determined by correlating Raman signal with 
sputtered thin films of graphite of known thickness. Second, as the selected location was 
not directly next to the gas inlet of the chamber, other regions of the sample may have 
began experiencing carbon formation before the selected location. The delay could have 
thus been caused by the slow growth of the deposited layer towards the selected spot. To 
judge this effect, more samples need to be run with spectra recorded as a function of time 
at different relative positions on each sample.  
Once the carbon was detectable above the background, the signal strength reached 
a plateau after a few hours. At this point, the carbon layer was thicker than the skin depth 
of the graphite, meaning that the laser could only penetrate a certain depth into the carbon 
layer no matter how much thicker the layer grew. The author is not aware of the specific 
thickness value for graphite for this temperature. While these results indicate there is a 
window of opportunity within which meaningful time-dependent data can be recorded, 
the size of this window can be increased by adjusting the operating conditions of the cell 
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Figure 6.3. (a) Raman spectra recorded at approximately 15 minute intervals from one spot on a patterned 
nickel electrode exposed to 100% CH4 at 625ºC for 12 hrs. (b) Plot of the integrated peak intensity of the 
1330 and 1580 cm-1 carbon peaks as a function of time. 
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Once a significant carbon signal was detected, the in situ Raman map in Figure 
6.4 was generated around the selected location by again plotting the 1580 cm-1 peak 
intensity as a function of position. Once again, the carbon was detected almost 
exclusively on the nickel surface. To confirm this observation, the sample was examined 
using an SEM. The micrograph in Figure 6.5 shows the presence of carbon nodules on 
the patterned electrode, but not the YSZ, surface. The largest of the carbon particles is 
approximately 500 nm, with many particles being on the order of 50-100 nm. While the 
carbon layer may not be completely continuous, the particle sizes are much smaller than 
the diameter of the Raman laser spot, so the spectrometer is not able to resolve individual 
particles. 
 
Figure 6.4. Raman map of the 1580 cm-1 peak intensity from carbon calculated from spectra collected from 
a patterned Ni sample exposed to CH4 at 625ºC for 12 hrs. 
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Figure 6.5. SEM micrograph showing the presence of carbon on a patterned Ni electrode on a YSZ 
substrate after exposure to CH4 at 625ºC for 48 hrs. The darker regions are the YSZ substrate. 
 To provide a frame of reference for the nickel data, a patterned copper sample 
heated to 625ºC inside the chamber and exposed to methane for 12 hrs. Copper was 
chosen due to its known lack of strong catalytic activity towards carbon formation.117 As 
shown in Figure 6.6, the same amount of exposure that left the nickel covered in carbon 
did not produce any carbon signal significantly greater than the background. To push the 
system, propane was then flowed through the chamber for six hours. At this point, carbon 
was finally detected on the copper surface; however, under these conditions, most of the 
chamber had filled with carbon black that had been depositing on the walls of the 
stainless steel chamber. The carbon detected may have indeed formed directly on the 
copper surface, but it may have instead resulted from dusting from carbon formed 
elsewhere in the chamber. The difference in carbon signal from the nickel and copper 
samples demonstrates the utility of Raman spectroscopy in the evaluation of anode 
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Figure 6.6.  Raman spectrum collected in situ from a patterned copper electrode on a YSZ substrate 
exposed to (a) CH4 at 625ºC for 12 hrs and (b) propane for 6 hrs at 625ºC.  
6.3. Conclusions 
 Raman spectroscopy was shown to have some utility in the in situ and ex situ 
evaluation of carbon deposition on different SOFC anode materials. The relative amount 
of carbon could be monitored as a function of operating condition and position. The 
position-dependent data adds another layer of system evaluation as the susceptibility of 
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different locations within a cell, such as the triple phase boundary or surfaces near the gas 
inlet/outlet, can be observed. One should note that the carbon deposition seen in the data 
presented here was a result of simple chemical exposure to the different fuel gases. No 
potential was applied to the cell. The flow of current through the cell should reduce the 
amount of carbon present, as some of it can be oxidized to CO or CO2 by the anode.  
An important consideration when taking in situ maps is the time necessary to 
collect the spectra for the map. For large map areas, or for large individual spectrum 
collection times, the sample can change between starting and finishing the map. Some 
maps can take hours to generate. As seen in Fig. 6.3, the thickness of a surface layer can 
go from undetectable to greater than the skin depth with a few hours. Taking too many 
data points or taking long scans will skew position-dependent data based on the viable 
measurement window for the system in question. If in situ maps cannot be quickly 
(relative to the timescale of the measurement window), then one should consider simply 
taking time-dependent measurements from only a few selected points. In situ maps 
become a better option when studying an obtained steady state or equilibrium position. 
 Finally, one big advantage of Raman spectroscopy for the study of carbon 
deposition is its ability to detect amorphous carbon. The strong 1330 cm-1 observed in the 
samples indicates a highly defective carbon structure. This disorder makes the carbon 
extremely difficult to detect using XRD diffraction, as the carbon is mostly amorphous. 
The same disordered nature that reduces the ability to detect the carbon with XRD instead 




CHAPTER 7:  CHROMIUM POISONING OF SOFC CATHODES 
 
 A large impetus behind lowering the SOFC operating temperature is to permit the 
use of stainless steel interconnect layers between individual cells.118 Stainless steels are 
much less expensive than the exotic oxides needed for SOFCs operating near 1000ºC. 
Unfortunately, with the much cheaper metallic interconnects comes a much greater 
susceptibility to poisoning of the cathode by volatile chromium species from oxide scales 
on the metal’s surface.9, 119 Species such as CrO3, Cr2O3, and CrO2(OH)2 are thought to 
travel through the vapor phase to the cathode and form secondary phases such as SrCrO4 
and a (Mn/Cr)3O4 spinel that reduce cathode performance.120-122 Literature reports vary as 
to the exact contaminants that form, where they form, whether their formation is 
chemically- or electrochemically-driven, and the extent to which different cathode 
materials are susceptible to Cr contamination.123-126 For example, chromium 
oxyhyrdoxide, CrO2(OH)2, could be reduced at the triple phase boundary to Cr2O3: 
2 CrO(OH)2(g) + 6e’ → Cr2O3(s) + 2 H2O(g) + 3 O2- 
Reaction of the Cr2O3 with an LSM cathode could produce strontium dichromate, 
SrCr2O7: 
2 Cr2O3 + 5 La0.8Sr0.2MnO3 + O2 → SrCr2O7 + 4 LaMnO3 + (Mn/Cr)3O4 
 Knowing which cathode materials (or which cations within a material) are prone 
to Cr contamination is crucial information for cathode material selection and design. As 
noted in section 2.3, most major chromium contaminants are Raman-active, meaning 
Raman spectroscopy should be able to supply some answers to the questions being asked 
about Cr poisoning. In this chapter, initial results are revealed that demonstrate the utility 
 83
of Raman spectroscopy towards studying Cr contamination of LSM cathodes. 
Additionally, reactions between Cr-containing vapor with silver are presented, raising 
design concerns for some proposed SOFC cathodes that contain silver. 
7.1. Chromium poisoning experimental setup 
 To test the susceptibility of LSM to Cr contamination, Cr-containing vapor had to 
delivered to the sample inside the high temperature Raman chamber. Figure 7.1 details 
the Cr delivery process. Oxygen was blown through a bubbler held at 75ºC to humidify 
the gas. The water vapor was added to increase the amount of Cr vapor species as 
CrO(OH)2 in order to accelerate the contamination process. The humidified oxygen then 
passed through steel tubing wrapped in heating tape (held at 90ºC to prevent water 
condensation) into the sample chamber. At the gas inlet, a small pellet of pressed Cr2O3 
powder was placed, generating Cr-containing vapor as the oxygen blew over the top of 
the powder on its way to the sample. The gas exited the chamber through a stainless steel 
tube (also wrapped in heating tape held at 90ºC) before being run through a condenser to 
trap the cooling water vapor.∗ The samples used for these experiments consisted of a 
patterned LSM (La0.8Sr0.2MnO3) electrode deposited onto an LSM substrate. To aid in 
application of a potential across the sample, a patterned platinum current collector was 
deposited on top of and perpendicular to the LSM pattern. 
                                                 
∗ I attempted to identify the Cr vapor species present by running mass spectrometry on the exhaust gas; 
however, no species were detected. Either the species concentrations were below the detection limit of the 
equipment, or the vapor phase species condensed in the exhaust tube before reaching the mass 
spectrometer. The formation of Cr-containing vapor was instead inferred from the formation of Cr species 
on the sample surface. Barring any miracles or stray nuclear reactions that could somehow create 

















Figure 7.1. Experimental setup used for Raman studies of chromium poisoning of SOFC cathode materials. 
7.2. Formation of SrCrO4 on patterned LSM electrodes 
 Figure 7.2 shows how the surface of the patterned LSM electrode darkened within 
24 hrs exposure to Cr-containing vapor (meaning humidified oxygen or air that had 
blown across the Cr2O3 pellet before reaching the sample).  In coordination with the 
change, a new peak at 875 cm-1 emerged in the Raman spectrum from the LSM surface 
(see Fig. 7.2(c)). As the peak was broad and not very strong, the sample was cooled down 
to room temperature and examined ex situ, at which point the one broad peak spread into 
a family of peaks at 850, 885, and 920 cm-1. Peaks could also be seen at 316 and 370 cm-
1. Comparison to reference spectra of possible Cr contaminants indicates that a surface 
layer of SrCrO4 had formed on the LSM surface.127 Some spectra collected at different 
locations on the LSM surface, as in spectrum (2) in Fig. 7.3(d), also contained a broad 













































Figure 7.2. (a) Patterned LSM electrode on a YSZ substrate (a) before and (b) after exposure to Cr-
containing vapor at 625ºC for 24 hrs. The lighter regions are the YSZ substrate. (c) Raman spectra 
collected in situ from the LSM surface with and without exposure to Cr vapor. (d) Typical Raman spectra 
collected ex situ from two spots – spectra (1) and (2) - on the LSM surface after the exposure. Reference 







Figure 7.3. Raman map of the intensity of the 885 cm-1 SrCrO4 peak from a patterned LSM electrode on a 
YSZ substrate exposed to Cr-containing for 24 hrs at 625ºC. The map area is outlined in optical micrograph 
(a). The lighter regions are the YSZ substrate. A lighter shade in the map indicates a higher peak intensity. 
 To gauge the pervasiveness of the strontium chromate, the Raman map in Figure 
7.3 plotting the integrated peak intensity of the 885 cm-1 SrCrO4 peak was generated by 
collecting Raman spectra at 2 μm intervals within the region indicated in Fig. 7.3 (a). 
While SrCrO4 was only found on the cathode surface, the phase was found across the 
 87
entire LSM surface. This result is reasonable, as the formation of the phase should have 
been chemically, showing no preference for the triple phase boundary between the 
cathode, electrolyte, and gas phase. SEM analysis revealed that the SrCrO4 had formed 
needlelike deposits on the LSM surface, as shown in Figure 7.4. The EDS mapping of Cr 
and Sr shown in Fig. 7.4(b) was inconclusive. While the presence of Cr on the LSM 
surface was confirmed, its presence could not be correlated with that of Sr. The Sr EDS 
signal is contaminated by the presence of yttrium in the substrate. Strontium and yttrium 
only differ in atomic number by one and have similar atomic masses (87.6 g/mol for Sr 




(b)      
Figure 7.4. (a) SEM micrograph showing the presence of SrCrO4 on the patterned LSM electrode. (b) EDS 
mapping of Cr and Sr from the area shown in the micrograph. 
 These initial results indicate a chemical reaction between some Cr-containing 
vapor phase and LSM to form SrCrO4 and possibly (Mn/Cr)3O4. The tested samples were 
not polarized, so it is not known whether different contaminants would form through a 
competing electrochemical pathway or through reduction of SrCrO4 (a Cr+6 species). 
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7.3. Chromium poisoning of Ag-containing cathodes 
7.3.1. The use of silver in SOFC cathodes 
To improve cathode performance in the intermediate temperature range, 
alternative materials are being pursued to increase the cathode’s catalytic activity towards 
oxygen reduction. As discussed in section 4.1, the guiding strategy for this goal has been 
to incorporate mixed ionic/electronic conduction into the cathode, extending the oxygen 
reduction reaction beyond the triple phase boundary (TPB) between the gas, cathode, and 
electrolyte phases to include the entire gas/cathode interface. Besides the perovskite-
based cathode materials studied here (e.g., LSM, LSF, SSC), other single mixed 
conducting phases have been explored, including Ru-based pyrochlores128, 129 and 
K2NiF4-type oxides.130, 131 
Alternatively, two-phase cathodes have been studied that use a strictly ionic or 
mixed conducting oxide phase coupled with a noble metal such as Pd, Pt, or Ag.132 The 
noble metal phase boosts the electronic conductivity of the cathode while still providing a 
surface that is active towards oxygen reduction. As cost is the driving force to lowering 
the SOFC operating temperature, silver is the preferred candidate amongst the noble 
metals. Silver had been previously disregarded as a cathode material due to its low 
melting point (962ºC), making it susceptible to vaporization at the higher operating 
temperatures of conventional SOFC systems,133 but it once again becomes viable in the 
desired lower temperature range. So far, the addition of Ag to SOFC cathodes has 
generated mixed results. Haanapel, et al., reported that the sintering temperature 
restrictions imposed by silver lessens the performance of a cell compared to that of an 
optimized Ag-free cell.132 Also, Camaratta, et al., observed unstable performances in their 
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Ag- and bismuth oxide-based cathodes due to silver grain growth under operating 
conditions.134 In contrast, many groups have measured an improved cathode performance 
with the addition of small amounts of silver.88, 135-139 In addition, silver is often used as 
current collector (mesh or paste), electrical contact (paste), or lead wire when measuring 
the electrochemical performance of low-temperature SOFCs. 
The previous studies on the addition of silver to the cathode (or studies that used 
Ag elsewhere within an SOFC) only involved single cell tests. No serious consideration 
was given to possible interactions between the silver phase and a metallic interconnect 
layer. Since silver can react with Cr2O3 to form phases such as Ag2CrO4 and AgCrO2,140 
the possible Cr contamination of silver phase poses a serious concern. Formation of 
secondary Ag-Cr phases reduces the electrical conduction throughout the cathode and the 
available surface area catalytically active towards oxygen reduction. 
 
7.3.2. Formation of Ag2CrO4 on Ag-containing cathodes 
To measure the effect of Cr-containing vapor on a silver, a piece of silver mesh 
was placed on top of a pellet of gadolinia-doped ceria (GDC), a candidate SOFC 
electrolyte material. The pellet was then placed on the sample cup inside the sample 
chamber and heated to 500ºC, holding the temperature every 50ºC to collect spectra from 
various locations on the silver surface. The GDC pellet acted as a buffer to prevent direct 
contact between the silver and stainless steel, eliminating solid-state reactions between 
the oxide layer on the stainless steel and the wire. Any chromium contamination observed 
on the mesh would thus result from reaction with Cr-containing vapor.  
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 Figure 7.5 contains typical Raman spectra collected at different temperatures from 
the surface of the silver mesh exposed to Cr-containing humidified air. Raman spectra 
were collected in 50ºC intervals after 30 minutes at the desired temperature, with no 
anomalous Raman signals detected until the mesh reached 500ºC. At this temperature, a 
broad peak centered at 820 cm-1 was observed at certain points on the mesh. The sample 
was then cooled to room temperature, so that the chamber could be opened and the 
sample surface observed more clearly. Small brownish-red particles, the dark particles 
shown on the Ag surface in Fig. 7.5(b), had developed on the silver surface.  The color 
matches that of silver chromate, Ag2CrO4.141 The peaks in the Raman spectrum in Fig. 
7.5(a) from one of the particles match those of orthorhombic Ag2CrO4, as reported by 
Clark and Dines.142 The reference spectrum shown was collected at room temperature 
from Ag2CrO4 powder purchased from Alfa Aesar. The family of peaks centered around 
810 cm-1 from the room temperature spectra shift, broaden, and merge together with 
increasing temperature, resulting in the single broad feature observed in the in situ 
spectrum collected at 500ºC. This effect was confirmed by measuring the Raman 
spectrum of a pressed Ag2CrO4 powder compact as a function of temperature within the 























Figure 7.5.  (a) Raman spectra from silver mesh exposed to Cr-containing vapor at different temperatures 
compared to that of Ag2CrO4 powder. (b) Optical micrograph of red deposit on silver mesh from which the 
room temperature spectrum in (a) after cooling from 500ºC. 
 Abu-Zied observed the formation Ag2CrO4 at 300ºC when reacting Cr2O3 and 
AgNO3 in air through a CrOOH intermediate.140 Our Raman measurements did not detect 
the presence of Ag2CrO4 until 500ºC. This discrepancy can be explained by the higher 
reactivity of AgNO3, which decomposes at 500ºC, and by the more intimate contact 
between the Cr and Ag sources in Abu-Zied’s experiments. Our experiment relied upon a 
gas-solid interaction, and the vapor pressures of chromia and chromium oxyhydroxides 
are low below 800ºC.125 Also, during heating, our sample was only held for 30 minutes at 
each temperature before collecting a Raman spectrum. Longer exposure times at lower 
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temperatures may result in detection of Ag2CrO4 formation at these temperatures.  As the 
objective of this study was to mimic intermediate temperature SOFC operating 
conditions, the presence of Ag2CrO4 at 500ºC, the lower end of intermediate temperature 
range, is significant.   
If an SOFC stack utilizing stainless steel interconnects were operated at 500ºC, 
any exposed silver surface in the cathode transform into Ag2CrO4. Since Ag2CrO4 is 
conductive at this temperature, its formation does not interfere significantly with the use 
of Ag as an electronically conductive phase in the cathode.  What may be impacted is the 
catalytic activity of the Ag towards oxygen reduction, which is lowered as the Ag surface 
converts to Ag2CrO4. Of greater concern is the melting point of Ag2CrO4, 658ºC.143 Its 
melting point is lower than that of silver, 962ºC. Within even lower SOFC operating 
temperatures, the Ag2CrO4 could melt or volatilize.  The continual loss of Ag2CrO4 to 
vaporization would eventually weaken the contact between the silver phase, the 
interconnect, and the other cathode phase. It could also contaminate other parts of the cell 
















Figure 7.6.  Raman spectra from a patterned LSM electrode on a YSZ substrate collected in situ at 625ºC 
during exposure to Cr vapor.  The LSM spectra were measured on surfaces close to where the Ag wire was 
attached to the sample. 
The effect of the vaporization of Ag2CrO4 was tested by performing Cr 
contamination experiments on patterned LSM cathode samples onto a silver wire had 
been attached using silver paste (Heraeus). Figure 7.6 contains Raman spectra collected 
in situ at 625ºC from such a sample exposed to Cr-containing vapor. Within 36 hours, the 
signal from Ag2CrO4 on the silver wire was very intense. The slight shoulder at 875 cm-1, 
which was not detected on the Ag wire when heated without LSM present, is attributed to 
SrCrO4. 
Within four days exposure, reddish-brown Ag2CrO4 crystals, which could be 
observed visually on the Ag wire, began to form on the LSM electrode to which the Ag 
wire was attached. The Raman spectrum from the LSM had a broad peak centered at 830 
cm-1. The Ag2CrO4 deposited on the LSM through vaporization and condensation. The 
shift in the peak position could result from a defective structure caused by the deposition 
of the Ag2CrO4 onto the LSM perovskite surface.   
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Further evidence of Ag2CrO4 vaporization is shown in the optical micrograph in 
Figure 7.7(a) taken at room temperature after exposure to Cr vapor at 625ºC for three 
weeks. A room temperature micrograph obtained after cooling is shown here because the 
in situ images taken were blurry due to the sample temperature and to the quartz window 
between the objective and the sample. In the image, the silver wire crosses the upper left 
corner while the platinum current collector runs across the upper right corner. The lighter 
regions are the YSZ substrate. The red Ag2CrO4 phase can be seen visually on the LSM, 
but not on the YSZ regions between the LSM strips.  
 













Figure 7.7.  (a) Optical micrograph detailing area on patterned LSM sample to collect Raman map (b) 
plotting the integrated intensity of the 810 cm-1 Raman peak.   The lighter regions are YSZ, the cross-
hatched electrode is LSM, and the strip across the upper right corner is platinum.  The Ag wire can be seen 
in the upper left corner. A lighter shade in the map indicates a higher intensity. 
A Raman map of the Ag2CrO4 phase was generated by collecting a Raman 
spectrum every 10 μm within the 200 μm x 280 μm grid detailed in Fig. 7.7(a). The 
integrated peak intensity of the 810 cm-1 Ag2CrO4 peak was calculated from each 
spectrum and plotted as a function of position. The presence of the 810 cm-1 peak 
correlates with the presence of the red deposit on the LSM. The sample was further 
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examined ex situ using SEM. The SEM image in Figure 7.8(a) shows the morphology of 
the LSM surface.  The corresponding Ag EDS map in Fig. 7.8(b) confirms the existence 
of a silver-containing phase on the electrode surface.  
 
(a)
       2 μm5000x15 kV
(b)
 
Figure 7.8.  (a) SEM micrograph showing contaminated LSM surface.  (b) EDS showing presence of silver 
from area shown in (a).  The lighter areas indicate higher concentrations of Ag. A lighter shade indicates a 
greater Ag concentration. 
The lack of any appreciable Ag2CrO4 signal on the YSZ surface eliminates the 
possibility of a surface diffusion mechanism, as some Ag2CrO4 would have been trapped 
on the YSZ during the quenching of the sample to room temperature. Instead, the 
Ag2CrO4 vaporized from the Ag wire surface and deposited preferentially on the LSM.  
The author cannot definitively explain the affinity between Ag2CrO4 and LSM. The 
positive driving force for SrCrO4 formation (or some mixed Ag2CrO4-SrCrO4 phase) may 
promote the adsorption of Ag2CrO4 to the LSM surface. To test this hypothesis, a similar 
experiment could be performed with a cathode material that does not contain a cation 
species such as strontium (or manganese) that reacts with chromium.   
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The deposition of Ag2CrO4 on LSM is significant since it eliminates active LSM 
surface area that could be used for oxygen reduction. For the sample shown in Fig. 7.7, 
Ag2CrO4 was detected up to 500 μm away from the silver source after the three weeks of 
exposure to Cr vapor. For SOFCs with stainless steel interconnects and cathodes 
containing a mixture of silver and another phase, Ag2CrO4 can quickly cover the 
surrounding surfaces throughout the entire cathode. Even if a layer of silver is used in an 
SOFC stack as a buffer layer between the interconnect and the cathode (in principle, to 
help prevent Cr contamination of the cathode), Ag2CrO4 vapor could still permeate 
throughout most of the cathode within 1000 hrs of operation, as most cathodes are 
between 10 and 100 μm thick. 
Both sets of experiments detailed here involved chemical exposure of silver and 
an SOFC cathode to Cr vapor. While the temperature and atmospheric conditions of an 
intermediate temperature SOFC were duplicated in our sample chamber, the sample was 
not polarized electrically to observe electrochemical exposure. Although the formation of 
SrCrO4 and the (Mn/Cr)3O4 spinel man be promoted electrochemically, Ag2CrO4 forms at 
such low temperatures that the effects of its formation will be felt before the cell reaches 
its operating temperature and a current is applied. Further, the formation of other Cr 
phases would only replace or add to the contamination caused by Ag2CrO4. However, as 
Ag2CrO4, like SrCrO4, is a Cr+6 species, the possibility that silver chromate could be 
reduced to other phases such as AgCrO2 or Cr2O3. 
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7.4. Conclusions 
Raman spectroscopy was able to monitor the contamination of SOFC cathodes by 
volatile chromium species. Strontium chromate, SrCrO4, formed on the surface of LSM. 
Its formation was chemically-driven, so the material is subject to contamination whether 
or not the cell is operating. Further, contamination would begin during the system heatup. 
Similar contamination tests should be performed other strontium-containing cathode 
materials (e.g., LSF, LSC) to see if strontium can be stabilized within the lattice by 
doping to hinder the formation of SrCrO4. Silver chromate, Ag2CrO4, was formed on the 
surface of silver wire exposed to Cr-containing vapor at temperatures as low as 500ºC. 
By 625ºC, the Ag2CrO4 was already vaporizing and depositing on the surface of an LSM 
electrode. The volatility of Ag2CrO4 under the operating conditions of an intermediate 
temperature SOFC would weaken the electrical contact between the silver and the rest of 
the cell, as well as reduce the catalytic activity of the cathode by covering its surface. In 
light of these effects, one should avoid using silver within an SOFC cathode in contact 
with an interconnect layer that forms a Cr2O3 layer on its surface, as with most stainless 
steels. The use of silver in a low-temperature SOFC must be in conjunction with an 
interconnect material that does not form a Cr2O3 surface layer.  Alternatively, conductive 
(but passive) coatings can be applied to the stainless steel surface to prevent the 
volatilization of chromium from the alloy. 
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CHAPTER 8:  CONCLUSIONS AND RECOMMENDATIONS 
 
 There were two overall objectives of the research done in support of this thesis. 
First, the author wanted to demonstrate the utility of Raman spectroscopy with respect to 
solid oxide fuel cells, in particular, and, more generally, high temperature catalyst and 
electrochemical systems. The work presented here undeniably confirms this assertion. 
The bulk of the materials used in SOFCs are Raman-active, and as a minimum, Raman 
spectroscopy can serve as a quick, flexible method of characterizing the structure and 
composition of SOFC components. The optical nature of Raman measurements even 
allows for relatively straightforward in situ characterization of SOFC components by 
using a setup similar to the sample chamber described here. Such measurements are much 
more difficult to make with X-ray methods, and some materials (such as amorphous 
carbon and glassy sealant materials) are not even detectable using XRD. Further, the high 
operating temperatures of SOFCs makes IR spectroscopy (like Raman spectroscopy, 
another form of vibrational spectroscopy) difficult, as the sample itself emits a large 
amount of graybody IR radiation. While Raman spectroscopy cannot provide all the 
information desired by scientists and engineers, it does provide some unique structural 
information and can be used to confirm results obtained by other methods. 
 Besides characterizing SOFC components, Raman spectroscopy can be used (both 
in situ and ex situ) to monitor the stability of the components under a variety of operating 
conditions and in the presence of a variety of contaminants. As the Raman signal from a 
material can broaden and weaken with temperature, the results shown here (as with 
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carbon and the different chromium contaminants) indicate that these signals are still 
detectable within the desired temperature range of intermediate temperature SOFCs. 
 However, any Raman data must be understood within the limitations of the 
system. First, the absence of a signal is not necessarily indicative of the absence of a 
species. Not all materials (e.g., cubic perovskite materials) are Raman-active, so other 
methods are required to characterize them. Some materials, even though theoretically 
Raman-active, are still not detectable. The author was not able to successfully measure 
surface oxygen species on SOFC cathode materials. Surely there is oxygen on the 
cathode surface; oxygen is continually entering and leaving the lattice of these materials. 
Group theory and similar measurements with other materials dictates that these species 
are Raman-active. Only, for normal Raman spectroscopy methods, the signal is 
apparently not strong enough to be detected at room temperature or above. The initial 
results using colloids and vapor deposition methods to produce a SERS effect show some 
promise when it comes to boosting the Raman signal from cathode surfaces. 
 The second large objective of this research was to use Raman spectroscopy to 
provide valuable mechanistic information about various chemical and electrochemical 
reactions occurring within SOFCs. This information would be intended for use directly in 
the rational design of new SOFC materials and microstructures. The results regarding this 
objective were mixed. The species involved in the oxygen reduction mechanism at the 
cathode remain elusive. Again, SERS measurements may be able to overcome current 
system limitations, especially if the gold or silver nanoparticles can maintain their utility 
up to plausible SOFC operating temperatures. If not, SERS can be used for ex situ surface 
analysis. In terms of identifying thin films of contaminant species, this information could 
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still provide structural and compositional information that is sometimes difficult to obtain 
through XRD, EDS, and XPS. In terms of identifying surface species, low temperature 
data can be used to validate theoretical models and provide key parameters for these 
models. The models can then be used to calculate species and barriers present under 
operating conditions. 
 In terms of information readily applicable to SOFC system design, the chromium 
data stands as most relevant. As SrCrO4 was found to quickly form in the presence of Cr-
containing vapor, either strontium use should be limited within a cathode (unless it can be 
sufficiently stabilized within the lattice using other dopants) or the volatility of chromium 
from the metallic interconnect should be curbed. This could be done by altering the alloy 
composition or by applying a surface treatment to the metal, being mindful that any thin 
film applied to the interconnect must still be electronically-conductive. The Cr poisoning 
of silver also calls into question the use of silver inside the cathode unless chromium can 
be prevented from leaving the interconnect material. 
 All the results presented within this volume represent initial investigations into 
multiple applications of Raman spectroscopy. As such, there are many avenues of 
research that can be followed from here. For SERS measurements, initial experiments 
involving the sputtering of Ag/Au nanoparticles onto electrode surfaces should still be 
done. While colloids and CCVD have yielded some positive results, it would be even 
better to find another possible method for getting metal nanoparticles onto the electrode 
surface. The spectra obtained from SERS methods need to be studied more, possibly 
coupled with quantum chemical calculations to fully understand the nature of the large 
number of new peaks. The properties of the metal nanoparticles need to be measured as a 
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function of temperature and atmosphere (oxidizing and reducing) to define the operating 
conditions in which SERS can be used to monitor fuel cell reactions. Even if SERS 
measurements cannot ultimately be made in the upper range of SOFC operating 
temperatures, SERS should be seriously considered with respect to PEMFCs and other 
catalytic systems that operate below 300ºC. 
 For both carbon deposition and chromium contamination, the results reported here 
involved OCV conditions only. Fuel cells are electrochemical devices, and as such, the 
addition of a potential across a cell changes the system. Some contaminants can be 
eliminated, such as the oxidation of carbon, while others may transform to other species, 
such as the reduction of some of the chromium contaminants. Raman measurements need 
to be taken from polarized samples to gain a more accurate picture of the species present 
in an operating cell. A wider selection of electrode materials should be tested as well, to 
gauge the resilience or susceptibility of different compositions and crystal structures to 
different degradation processes. 
 The ability to simultaneously record spectroscopic and electrochemical data is an 
exciting development. This more relevant data can only help in the development of new 









APPENDIX A: LATTICE PHONON MODES OF COMMON SOFC MATERIALS AND POSSIBLE 
CONTAMINANTS 
Material Space Group Raman Modes* IR Modes* Silent Modes* 
CeO2 / GDC 225 (Fm 3  m) F2g F1u none 
YSZ 225 (Fm 3  m) F2g F1u none 
NiO 225 (Fm 3  m) none F1u none 
SSC 62 (Pnma) 7 Ag+ 5 B1g+7 B2g+ 5 B3g 9 B1u + 7 B2u + 9 B3u 8 Au 
LSM 62 (Pnma) 7 Ag+ 5 B1g+7 B2g+ 5 B3g 9 B1u + 7 B2u + 9 B3u 8 Au 
LSF 62 (Pnma) 7 Ag+ 5 B1g+7 B2g+ 5 B3g 9 B1u + 7 B2u + 9 B3u 8 Au 
LSC 167 (R 3  c) A1g + 4 Eg 3 A2u + 5 Eu 2 A1u + 3 A2g 
LSCF 167 (R 3  c) A1g + 4 Eg 3 A2u + 5 Eu 2 A1u + 3 A2g 
AgCrO2 166 (R 3  m) A1g + Eg 2 A2u + 2 Eu none 
Ag2CrO4 62 (Pnma) 11 Ag+ 7 B1g+11 B2g+ 7 B3g 13 B1u + 9 B2u + 13 B3u 10 Au 
(Mn/Cr)3O4 227 (Fd 3  m) A1g + Eg + 3 F2g 4 F1u 2 A2u+ 2 Eu+ F1g+ 2 F2u 
SrCrO4 14 (P21/n) 18 Ag+ 18 Bg 17 Au+ 16 Bu none 
Cr2O3 167 (R 3  c) 2 A1g + 5 Eg 2 A2u + 4 Eu 2 A1u + 3 A2g 
C (graphite) 194 (P63/mmc)  E2g none B2g 
C (diamond) 227 (Fd 3  m) F2g none none 
 
*  This table lists the phonon modes which are either Raman-active, IR-active, or neither (silent). It is also possible to have 
modes which are both Raman- and IR-active; however, none of the listed phases have any such modes.
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APPENDIX B: RAMAN SPECTRA OF COMPOSITIONS WITHIN THE 
LAMNO3 – SRMNO3 SERIES 
 
 






















*  Raman spectra were collected at room temperature in air using a 514 nm laser source. 
Sample powders were synthesized using the glycine-nitrate process.86 Above ~30 mol% 
SrMnO3, the crystal structure shifts from an orthorhombically-distorted perovskite 
(LaMnO3 base structure) to a rhombohedrally-distorted perovskite (SrMnO3 base 
structure). 
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APPENDIX C:  RAMAN SPECTRA OF AG2CRO4 AS A FUNCTION OF 
TEMPERATURE 













































*  Raman spectra were collected at the indicated heating cartridge temperature using a 
514 nm laser source. The Ag2CrO4 source was powder purchased from Alfa Aesar. 
The same collection time was used for all spectra. The author believes the peaks at 
640 cm-1 appearing in the 500-600ºC range correspond to oxygen deficiencies in the 
lattice, as the peak corresponds with the AgCrO2 phase. 
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